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INTRACELLULAR DISTRIBUTION OF THE PHOSPHATE- 
ACTIVATED GLUTAMINASE OF RAT LIVER* 


By JAMES A. SHEPHERD anp GEORGE KALNITSKY 


(From the Department of Biochemistry, State University of Iowa, College of Medicine, 
Towa City, Iowa) 


(Received for publication, January 18, 1951) 


Enzymatic hydrolysis of glutamine was early observed by several groups 
of investigators (1-4). Krebs (5), however, was the first to study critically 
the enzymatic breakdown of glutamine, obtaining evidence for the exist- 
ence of different glutaminases in various animal tissues. Greenstein and 
coworkers (6-9) demonstrated that rat liver homogenates contain two 
enzyme systems capable of deamidating glutamine, one activated by phos- 
phate (glutaminase I) and the other by pyruvate (glutaminase II). 
Errera (8) has separated these enzymes by centrifuging at 60,000 x g 
for 1 hour, glutaminase I being sedimentable and glutaminase II remain- 
ing in the supernatant. However, as much as 25 to 30 per cent of glu- 
taminase I remained in the supernatant, and only 25 to 30 per cent of the 
glutaminase I activity of the original homogenate was recovered after 
washing the sediment once in water and once in 0.05 m KCl. 

Bray and coworkers (10) were unable to isolate glutamic acid from 
glutamine digests. Meister and Tice (11) have demonstrated that de- 
amidation of glutamine by a glutaminase II preparation does not result 
in the formation of glutamic acid. Thus, unequivocal proof of glutamic 
acid as an end-product of glutaminase action is lacking. 

The present work was undertaken to determine whether the phosphate- 
activated glutaminase was localized in a particulate component of the 
cell and to determine the end-products of the reaction. 


Methods 


Tissue Preparation—Female Sprague-Dawley strain albino rats were 
killed by decapitation, the livers were removed, weighed on a chilled 
watch-glass, and homogenized in a Potter-Elvehjem Pyrex glass homog- 
enizer with 9 volumes of ice-cold 0.9 per cent saline. The homogenate 
was brought to pH 8.0 with 0.1 n NaOH and fractionated into nuclear, 
large granule, and unfractionated residue fractions. 


* Taken in part from a thesis submitted in partial fulfilment of the requirements 
for the degree of Master of Science in the Department of Biochemistry in the Grad- 
uate College of the State University of Iowa, August, 1949. This work was sup- 
ported in part by a grant from the Office of Naval Research. 
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GLUTAMINASE 


Fractionation of Cellular Constituents—2 ml. of a 10 per cent homogenate 
were measured into each of four small plastic tubes and the tubes placed 
in the rotor of a Beams and Weed ultracentrifuge (12). The crude homog- 
enate was centrifuged for 1 minute at 1 pound of air pressure to sediment 
the nuclei, 1 minute at 15 pounds air pressure to sediment the large gran- 
ules or mitochondria, and for 5 minutes at 55 to 60 pounds to sediment the 
small granules. 0.9 per cent saline, pH 8.0, was used as the suspending 
medium.! 

The precipitate in each tube was resuspended twice in a volume of | 
ml. to allow as clean a separation as possible of the fractions, the washings 
being combined with the next fraction. Each sediment was made up to 
the volume of the original homogenate used. The unfractionated residue 
(including the washings from the preceding fraction) was made up to a 
final volume of 25 ml. The rotor was embedded in cracked ice between 
centrifugations. 

Enzymatic Assays—Digests contained tissue fraction, glycine buffer, 
glutamine, and phosphate. Glutaminase I activity was determined by 
measuring the ammonia evolved in these digests over that in similar 
digests to which no phosphate had been added. Glutaminase activity 
was proportional to the enzyme content with 10 per cent homogenates or 
less. All the digests were made up in duplicate and were incubated at 
37° for 1 hour. Succinoxidase was determined by the method of Schneider 
and Potter (13). 

Chemical Determinations—Ammonia was distilled by means of the Con- 
way procedure (14), nesslerized according to Vanselow (15), and read in 
the Coleman junior spectrophotometer at a wave-length of 4600 A. 1 
ml. aliquots from duplicate digests always agreed within 0.03 um of am- 
monia and very seldom varied more than 0.02 um. Each aliquot was 
corrected for non-enzymatic deamidation taking place in the dishes by 
subtracting the ammonia found in unincubated aliquots of digests con- 
taining buffer, plus or minus phosphate, glutamine, and water. The dif- 


1 With alkaline water as the suspending medium, swirling up of the sedimented 
mitochondria was a problem, due to the rapid deceleration of the rotor. With 30 
per cent sucrose, a longer period was necessary for sedimentation of the mitochon- 
dria, and this allowed the rotor to approach room temperature. 0.9 per cent saline, 
pH 8.0 (glass electrode), was found to be the best suspending medium under the 
conditions used here and was used throughout these experiments. Because of the 
short time of centrifugation, clumping of the mitochondria in the suspension (which 
takes place in 0.9 per cent saline) presented no problem, thus minimizing accumula- 
tion of the large granules in the nuclear fraction. After sedimentation of the mito- 
chondria, the close proximity of the granules allowed clumping to proceed rapidly. 
This prevented swirling of the sedimented mitochondria when the rotor was 
decelerated. 
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fusion process was allowed to take place for a period of 1 hour, at which 
time 98 per cent of added ammonia could be recovered. Total nitrogen 
was determined by direct nesslerization after digestion according to Koch 
and McMeekin (16). 

Microscopic Examination—Smears of the nuclear fraction, unstained 
and stained with eosin-methylene blue, showed only an occasional whole 
cell, many nuclei, and some large granules ranging from 0.5 to 2.0 uw in 
diameter. The large granule fraction revealed many such granules plus 
an occasional nucleus, and the unfractionated residue contained a few 
such granules. 

Chromatographic Techniques—The capillary ascent method (17) was 
found to be the most satisfactory. Filter paper strips (Whatman No. 1) 
1 inch wide were used as the supporting phase. The solvent used was 
n-propanol-concentrated aqueous ammonia-water, 60:30:10. The solvent 
was allowed to ascend for a period of from 8 to 10 hours under a bell jar 
to allow equilibrium between the liquid and vapor phases. 

By this method it was possible to separate and identify mixtures of 
glutamic acid, glutamine, and alanine, developing a color in the spots with 
0.25 per cent ninhydrin in butanol, and to separate and identify mixtures 
of pyruvate and a-ketoglutarate by using the o-phenylenediamine method 
of Wieland and Fischer (18) to detect the spots. px3-Pyrrolidonecarbox- 
ylic acid did not interfere when added to either of the above mixtures. 
Under these conditions, aspartic acid and asparagine migrate at the same 
rates as glutamic acid and glutamine respectively. 


DISCUSSION AND RESULTS 


Distribution of Glutaminase I—Table I shows that the main proportion 
of glutaminase I activity is in the large granule fraction, and that the ac- 
tivity is concentrated almost four times on a dry weight basis in that frac- 
tion, thus fulfilling two of the requirements set forth by Schneider (20). 
To establish that the enzymatic activity is bound strongly to the large 
granules, the particles were sedimented three times with fresh solution 
with little loss in activity (Table II). Less activity was lost than ex- 
traneous material, a slight gain in specific activity resulting. 

Table III shows a comparison of the glutaminase I and succinoxidase 
activity on one set of fractions. The percentage concentrations and per 
cent of enzyme activity parallel each other very closely in each of the frac- 
tions, and the per cent recovery of the enzyme activity closely parallels 
the dry weight recovery. Since these results with succinoxidase closely 
parallel those obtained by Schneider (20), this is a check not only on the 
validity of the separation but also on the finding that glutaminase I is in 
the mitochondria. 





4 GLUTAMINASE 


In confirmation of Errera’s work (8), practically all the glutaminase 18 | 
II activity was found in the soluble portion of rat liver homogenates, with tal 
little or no activity in the sedimentable fractions. : = 

TaBLeE I 


Intracellular Distribution of Phosphate-Activated Glutaminase in Rat Liver 
Each value represents an average of three separate experiments (each experiment 








1) 
carried out in duplicate), and the mean deviation from the average. Digests con- a 
sisted of 4 ml. of total volume at pH 8.0, containing 2 ml. of Sgrensen’s glycine buf- ta 
fer (19) with or without the addition of 100 um of phosphate, 1 ml. of glutamine 6 — 
solution containing 14.6 um of glutamine, and 1 ml. of enzyme suspension containing 
the salt-corrected weights of dry material listed. 
A 
homegenste | Nuclei a A Pm pie ” 
NH; produced* without phosphate, 1 ie ul 0.23 0.35 0.96 : 
-M +0.14 +0.04 +0.04 +0.11 
NH; produced* with phosphate, uy 5.79 0.93 4.00 1.29 
+0.66 +0.20 +0.69 +0.06 
Glutaminase I activity, NH; pro- 4.68 0.71 3.65 0.33 
duced* due to addition of phos- | +0.80 +0.23 +0.73 +0.05 
phate, ux : 
Dry weight, mg.* 28.0 3.9 5.9 18.3 
+1.1 +0.6 +0.9 +1.2 
Specific activityt 0.166 0.185 0.611 0.018 - 
0.023 +0.065 +0.033 | +0.003 ( 
Enzyme activity, %t 100 14.5 UGH (see ] 
+2.8 +4.7 +0.3 ‘ 
Glutaminase I concentration,* %§ 100 108 374 11 ( 
+28 +33 +1 | 
Recovery on dry weight basis, % 100.4 ( 
+2.9 j 
Glutaminase I recovery, % 99.4 ; 
+5.9 | 

















* Per ml. of original homogenate or its equivalent. 


t Micromoles of NH; produced (due to addition of phosphate) per mg., dry 
weight. 


t Glutaminase I activity of each fraction divided by glutaminase I activity of 
original homogenate Xx 100. 


§ Specific activity of each fraction divided by the specific activity of the origi- 
nal homogenate X 100. 


End-Products of Glutamine Degradation in Large Granule Fraction of Rat 
Liver Homogenates—Ring closure of glutamine takes place non-enzymati- 
cally and is accelerated by phosphate (21). However, the end-product of 
enzymatic degradation differs from that obtained non-enzymatically and 
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is probably glutamic acid? (5, 10, 23). Since all of these results were ob- 
tained by using crude homogenates, it was desirable to confirm by chro- 
matography the conclusions of Carter and Greenstein (23) specifically 


Taste II 
Effect of Repeated Centrifugation on Activity of Large Granule Fraction 
Digests consisted of 2 ml. of total volume, pH 8.0, containing 1 ml. of Sgrensen’s 
glycine buffer with or without the addition of 50 um of phosphate, 0.5 ml. of gluta- 
mine solution containing 7.3 um of glutamine, and 0.5 ml. of enzyme solution, con- 
taining the salt-corrected weights of dry material listed. 





Ist 2nd 3rd 
sedimentation | sedimentation | sedimentation 





Ammonia due to addition of phosphate, 


Hig sooo eR eo 1.33 1.12 1.08 
Dry Werte oS sis. conse ooaecse enn 2.2 2.0 1.6 
SHOOMIO ACtLVIbY: = .5~. > oa:reomerstemranatemete 0.60 0.61 0.68 


Ammonia per mg. dry weight, uy........... 














* Per 0.5 ml. of original homogenate. 


TaB_eE III 
Distribution of Glutaminase I Compared with Succinozidase Distribution 




















Original ‘ P 

= Nuclei Large granules brn pan 2 a 
Oxygen uptake, ul.*t 840 93 623 43 
NHsf due to addition of phosphate, uy 3.48 0.36 2.56 0.25 
Succinoxidase, % activity 100 11.1 74.2 5.1 
Glutaminase I,% ‘“ 100 10.3 73.6 7.2 
Dry weight, mg.f 26.4 3.4 4.6 18.1 
Oxygen uptake* per mg. dry weight, ul. |3182 2735 13,543 238 
NH; per mg. dry weight, us 0.132 0.106 0.557 0.014 
Succinoxidase, % concentration 100 86 426 7 
Glutaminase I, % Ly 100 80 422 11 
Recovery on dry weight basis, % 98.9 
Enzymatic recovery, succinoxidase, % 90.4 

E- me glutaminase I, % 91.1 





* Due to succinate addition, measured over a period of 1 hour (13). Other condi- 
tions as in Table I. 
t Per ml. of original homogenate or its equivalent. 


with respect to the end-products of glutaminase I action by using an en- 
zyme source which did not contain glutaminase II. Fig. 1 presents this 
evidence diagrammatically. The glutamine spot disappeared after in- 
cubation with the mitochondria, and a spot of roughly equivalent size and 


* Archibald and Hamilton, unpublished, and as reported by Archibald (22). 
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intensity appeared which corresponded to glutamic acid. No a-keto acids 
were detectable on similar paper strips (method of Wieland and Fischer 


(18)). 
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Fig. 1. End-products of glutamine degradation in the large granule fraction. 
Strips 1 to 3 represent pure glutamic acid (GA) and glutamine (GM) in water. 
Strips 4 to 6 are from digests containing mitochondria (M) washed twice in 0.9 per 
cent NaCl, equivalent to 2.8 mg. of nitrogen; phosphate buffer (P), pH 8.0, 0.05 m 
final concentration; glutamine 0.04 gm., in a total volume of 2 ml. Incubations 
were at 37° for the times indicated. 10 ul. aliquots were placed without deproteini- 
zation on each strip. Although the spots were clearly distinguishable on the chrom- 
atogram, only the outlined borders of these spots are represented here because the 
spots did not photograph with sufficient contrast to permit good reproduction. 


SUMMARY 


The particulate components of rat liver homogenate were fractionated 
by using an air-driven ultracentrifuge. The phosphate-activated glu- 
taminase (glutaminase I) activity was largely associated with and bound 
to the large granule or mitochondrial fraction. The per cent recovery of 
glutaminase I and of succinoxidase in the various fractions closely par- 
alleled each other and was better than 90 per cent. Previous work has 
been confirmed and extended to the effect that glutamate is the major 
end-product of glutamine degradation catalyzed by glutaminase I. 


BIBLIOGRAPHY 
. Lang, S., Beitr. chem. Physiol. u. Path., 6, 321 (1904). 
. Luck, J. M., Biochem. J., 18, 679 (1924). 
. Geddes, W. F., and Hunter, A., J. Biol. Chem., 77, 197 (1928). 


. Grassmann, W., and Mayr, O., Z. physiol. Chem., 214, 185 (1933). 
. Krebs, H. A., Biochem. J., 29, 1951 (1935). 


. Errera, M., and Greenstein, J. P., Arch. Biochem., 15, 449 (1947). 


ocr WON 


XUM 





~I 


cids 
her 


on. 


per 
> M 
ons 
ni- 
ym.- 
the 


ed 
lu- 
nd 

of 
ur- 
Las 
or 


Vilna 


owoon 


_ 


12. 
13. 
14. 
15. 
16. 
iG: 
18. 
19. 


20. 
21. 
22. 
23. 


J. A. SHEPHERD AND G. KALNITSKY 7 


. Greenstein, J. P., and Leuthardt, F. M., Arch. Biochem., 17, 105 (1948). 

. Errera, M., J. Biol. Chem., 178, 483 (1949). 

. Errera, M., and Greenstein, J. P., J. Biol. Chem., 178, 495 (1949). 

. Bray, H. G., James, S. P., Raffan, I. M., and Thorpe, W. V., Biochem. J., 44, 


625 (1949). 


. Meister, A., Federation Proc., 9, 204 (1950). Meister, A., and Tice, S. V., J. Biol. 


Chem., 187, 173 (1950). 

Beams, J. W., and Weed, A. J., Science, 74, 44 (1931). 

Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943). 

Conway, E. J., Micro-diffusion analysis and volumetric error, New York (1940). 

Vanselow, A. P., J. Ind. and Eng. Chem., Anal. Ed., 12, 516 (1940). 

Koch, F. G., and McMeekin, T. L., J. Am. Chem. Soc., 46, 2066 (1924). 

Williams, R. J., and Kirby, H., Science, 107, 481 (1948). 

Wieland, T., and Fischer, E., Naturwissenschaften, 36, 219 (1949). 

Sgrensen, S. P. L., Comp.-rend. trav. Lab. Carlsberg, 8, 41, 42, 48 (1909); cited by 
Gortner, R. A., Gortner, R. A., Jr., and Gortner, W. A., Outlines of biochem- 
istry, New York, 3rd edition, 84 (1949). 

Schneider, W. C., J. Biol. Chem., 165, 585 (1946). 

Hamilton, P. B., J. Biol. Chem., 158, 375 (1945). 

Archibald, R. M., Chem. Rev., 37, 161 (1945). 

Carter, C. E., and Greenstein, J. P., J. Nat. Cancer Inst., 7, 433 (1947). 





wo eH Ww ee ee ee See ee 


> 





VIiIM 


COUNTER-CURRENT DISTRIBUTION IN IDENTIFICATION 
OF TOCOPHEROL COMPOUNDS IN FECES* 


By HARRIS ROSENKRANTZ, ADE T. MILHORAT, ann MILTON 
FARBER 


(From the Departments of Medicine and Psychiatry, Cornell University Medical 
College, The New York Hospital, and the Russell Sage Institute of 
Pathology, New York, New York) 


(Received for publication, February 28, 1951) 


In a previous study on the absorption of vitamin E substances in a 
patient with progressive muscular dystrophy, it was shown that the feeding 
of either tocopherol or tocopherylquinone to this patient resulted in the 
recovery of approximately 60 per cent of these compounds in the stool. 
This patient was maintained on a constant tocopherol intake (17 mg. per 
day) and had a normal average excretion of 11 mg. per day of tocoph- 
erol, with no detectable tocopherylquinone excretion.! Tocopherylquin- 
one (229 mg. per day) was excreted, however, by the patient, after in- 
gestion of 3 gm. of tocopherol, thus suggesting that tocopherol may be 
oxidized to tocopherylquinone in the gut. 

Identification of the vitamin E material in this earlier work was accom- 
plished only by means of the Emmerie-Engel reaction (reduction of ferric 
chloride), and it was felt that further characterization of these compounds 
in the feces could be established by means of counter-current distribution 
and spectroscopic analysis. Such data would also permit further evalua- 
tion of counter-current distribution techniques in the isolation of these 
and possibly other fat-soluble compounds from biological materials. 

Cuthbertson et al. (1) have utilized the 298 and 268 my absorption 
bands of tocopherol and tocopherylquinone, respectively, in their analysis 
of fecal materials, but we have found that data on direct spectroscopic 
examination of unfractionated fecal extracts are difficult to interpret owing 
to generalized absorption in this region of the ultraviolet. In the inves- 
tigations reported here partial purification by solvent partition was carried 
out prior to spectroscopic and colorimetric analyses in the hope that this 
would make the identification more exact. 


Method 


Isolation and identification were attempted through the method of 
counter-current distribution (2, 3), in which a two-phase system of meth- 
* Aided by the Armour Fund for Research in Muscular Disease and by a grant 


from The Squibb Institute for Medical Research. 
1 Rosenkrantz, H., and Milhorat, A. T., unpublished work. 
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anol and isooctane was used.2 No attempt was made to recover the 
compounds in question quantitatively, since the work was mainly directed 
towards identification. The partition coefficients of a-tocopherol and a- 
tocopherylquinone in this system have been published (4), the technique 
of solvent partition for identification of these fat-soluble compounds having 
been originally applied to extracts of hog stomach (5). A twenty-four 
plate Craig apparatus was employed in this study (2), although occasion- 
ally a preliminary distribution was performed in an eight plate separatory 
funnel system. Samples of stool of from 50 to 100 gm. were extracted 
with isooctane according to a previous procedure in which average recov- 
eries of tocopherol and tocopherylquinone added to stool were demon- 
strated to be 93 and 95 per cent, respectively.!. In one experimental 
period in which 3 gm. of tocopherylquinone had been fed to the patient, 
the extract of stool was evaporated to dryness, and the residue was reduced 
and oxidized according to the procedure which Tishler and Wendler (6) 
had employed for the purification of tocopherylquinone. Although this 
procedure results in only 50 to 60 per cent yields when used on a prepara- 
tive scale, it is a valuable technique for the purification of quinones. In 
several instances, stools from control periods were extracted and separated 
into methanol-soluble and methanol-insoluble fractions. On two occasions, 
the sterols were removed from methanol solutions of the extracts by pre- 
cipitation at 0°. 

The solvent fractionation and sterol precipitation resulted in the re- 
moval of about 80 per cent of the fat-soluble material and separated the 
carotenes from the tocopherols. . The methanol-soluble fraction contained 
most of the tocopherol and presumably most of the tocopherylquinone. 
The eight plate distribution, which concentrated about 70 per cent of the 
materials in Tubes 3 to 6, permitted partial purification and a reduction 
of material on a dry weight basis, which prevented overloading the Craig 
apparatus. The contents of Tubes 4 and 5 were combined and put through 
the Craig apparatus, and a similar procedure was carried out with the 
materials in Tubes 3 and 6. In one experiment the material in Tube 4 
was put directly into the Craig apparatus, while the material in Tube 5 
first was cyclized (reductive cyclization of the tocopherylquinone to toc- 
opherol (6)) before distribution. The material in Tube 6 was fractionated 
into methanol-soluble and methanol-insoluble portions, each being distrib- 
uted over twenty-four plates. Spectroscopic (ultraviolet) and colorimetric 
(Emmerie-Engel reaction) analyses were made on the material before and 
after partition of the uncyclized and cyclized fractions. In this way, a 

2Mr. Stanley Ulick, formerly of our laboratory, laid the foundations for the use 


of counter-current distribution techniques with fat-soluble substances, an applica- 
tion of which is contained in this paper. 
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combination of ultraviolet absorption characteristics, reducing properties, 
partition coefficients, and data on the conversion of the quinone to toc- 
opherol was utilized in identifying the reducing substances in the stool 
specimens. 


Results 


Determinations of the partition coefficients in the methanol-isooctane 
system for pure a-tocopherol and a-tocopherylquinone compared favor- 
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Fig. 1. Distribution of the fat-soluble material from a period during which 
tocopherylquinone was fed. Before cyclization, 268 my absorption (Curve 1), 298 
my absorption (Curve 2); after cyclization, 268 my absorption (Curve 3); 298 my 
absorption (Curve 4). 

Fig. 2. Ultraviolet absorption spectra of partitioned fecal matter from the qui- 
none period (a), and (6) after cyclization of (a) (see the text). 


ably with those previously made in this laboratory (4). The peaks of 
concentration of tocopherol and tocopherylquinone in a twenty-four plate 
distribution occurred near Tubes 13 and 11, respectively; 8-carotene con- 
centrated around Tube 22. The results obtained with stool from a period 
during which 3 gm. of quinone were fed are shown in Fig. 1, the extract 
having been subjected to a quinone purification (6) before partition. Since 
the partition coefficient is a physical constant for a substance, the presence 
of a-tocopherylquinone should produce a maximum quinone density (268 
my) near Tube 11. This actually was the case before cyclization (Fig. 1). 
Analysis of the contents of all the tubes at 298 my revealed the presence 
of little or no tocopherol (Fig. 1) and this was confirmed by the Emmerie- 
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Engel reaction, which indicated that the tocopherol normally present in 
this stool had been removed by the Tishler and Wendler purification tech- 
nique. However, after cyclization of the material, the 268 my tocopheryl- 
quinone peak near Tube 11 disappeared and in its place a peak (based on 
the 298 my density) appeared near Tube 13 (Fig. 1). Colorimetric analysis 
confirmed the presence of the maximum reducing material in Tube 13. 
Further evidence was obtained by spectrophotometric analysis of the tubes 
near the partition maximum, these tubes theoretically containing the purest 
material. The absorption spectrum before cyclization revealed the bifur- 
cated peak of tocopherylquinone at 260 and 268 muy; after cyclization the 
tocopherol absorption maximum at 298 my appeared (Fig. 2). 

The foregoing results were obtained with extracts from stools which 
were known to contain large amounts (16 mg. per gm.) of tocopheryl- 
quinone.! In stools obtained during control periods, however, the con- 
centration of reducing material was of a much lower order, constituting 
only about 1 per cent of the total material extracted by isooctane. A 
true test of the usefulness of counter-current distribution would there- 
fore be obtained if this technique were successful in purifying the smaller 
amounts of vitamin E substances present in feces of control periods. 

The results of the following two series of experiments are representative 
of many studies performed on stools from control periods and are shown 
in Figs. 3 and 4. It was found that ultraviolet absorption characteristics 
could not be used because absorption at 268 and 298 my coincided with 
the total amount of material present and showed no resolution of toc- 
opherylquinone or tocopherol. The reducing property, however, indicated 
that resolution had been accomplished. The curves of Fig. 3 were ob- 
tained from material extracted by isooctane and subjected to methanol 
fractionation. Curve 1 is derived from the uncyclized methanol-soluble 
portion, Curve 2 from the cyclized methanol-soluble fraction, and Curve 3 
from the uncyclized portion that was not soluble in methanol. Curve 1 
shows the presence of an alcohol-soluble reducing material near Tube 3 
and a peak indicating concentration near Tube 13, presumably due to the 
tocopherols, whereas no maximum occurs near Tube 22 where the caro- 
tenes would appear. Cyclization of this methanol-soluble fraction gave 
the results represented by Curve 2, indicating an increase of 36 per cent 
of reducing material between Tubes 7 to 18. The increase in the toc- 
opherol peak near Tube 13 following cyclization indicates the presence of 
tocopherylquinone. On the other hand, the amount of alcohol-soluble re- 
ducing material near Tube 3 was lowered after cyclization; partial destruc- 
tion of this material during cyclization would explain the decrease in the 
amount of reducing material after cyclization that was observed in an 
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earlier study.!. This material may have been the labile, alcohol-soluble 
reducing material reported by Hickman e¢ al. (7). The broad peak in 
Curve 3 between Tubes 7 and 18 suggests that the extract contained other 
reducing materials in addition to the various tocopherols. The presence 
of carotenes in Curve 3 is indicated by the concentration peak near Tube 22. 

The results shown in Fig. 4 were obtained with material which originally 
had been subjected to an eight plate partition. Curve 1 represents the 
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Fia. 3. Distribution of the fat-soluble material from control periods. Curve 1, 
uncyclized methanol-soluble fraction; Curve 2, cyclized methanol-soluble fraction; 
Curve 3, methanol-insoluble fraction. 

Fic. 4. Distribution of the fat-soluble material from control periods. Curve 1, 
methanol-soluble fraction from Tube 6 of an eight plate distribution; Curve 2, meth- 
anol-insoluble fraction of Tube 6; Curve 3, direct distribution of residue from Tube 
4 of an eight plate distribution; and Curve 4, direct distribution of the cyclized 
material from Tube 5 of an eight plate distribution. 


distribution of the methanol-soluble portion of the residue obtained from 
Tube 6 of the eight plate distribution. The presence of reducing sub- 
stances at the methanol-soluble end of the system, with the characteristic 
tocopherol maximum near Tube 13, can be seen. Apparently, in this 
case, methanol fractionation was not complete, since a carotene maximum 
appeared near Tube 22. Observations on the methanol-insoluble fraction 
are represented by Curve 2, which indicates the presence of some reducing 
substances between Tubes 8 and 18, with a characteristic carotene maxi- 
mum near Tube 22. Curve 3 represents a partition of the untreated resi- 
due of Tube 4 of the eight plate separation, the tocopherol maximum oc- 
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curring near Tube 13. Finally, the material from Tube 5 of the eight 
plate distribution was cyclized and distributed (Curve 4), and an increase 
of approximately 20 per cent in the level of reducing material was noted 
when values of this same tube were compared before and after cycliza- 
tion. 

In the original studies,! cyclization always produced a decrease in the 
amounts of reducing material in stools from control periods, thereby 
indicating the absence of tocopherylquinone. However, in the present 
study, when the extracts of stool were partially purified either by solvent 
fractionation or by counter-current distribution, it was possible to demon- 
strate the presence of tocopherylquinone (compare Curves 1 and 2, Fig. 
3). Whether tocopherylhydroquinone occurs in feces remains unanswered. 
When tocopherylhydroquinone was distributed in the system, for purposes 
of calibration, a peak of concentration appeared near Tube 2. The labile 
alcohol-soluble reducing substances of the feces did appear near Tubes 2 to 
5 and, therefore, might have included tocopherylhydroquinone, although 
the material in Tube 4 (Curve 1, Fig. 3) was shown not to be tocopheryl- 
hydroquinone by observation of its reaction rate. Pure tocopherylhydro- 
quinone had completely reacted in 30 seconds in the FeCl;-dipyridyl sys- 
tem, whereas the material in Tube 4 was still reacting at the end of 3 
minutes. However, other reducing materials with a slower reaction rate 
than tocopherylhydroquinone may have been present in Tube 4. More- 
over, the instability of the tocopherylhydroquinone molecule in atmospheric 
oxygen would make it difficult to demonstrate its presence. 

‘In brief, these studies demonstrate the presence of tocopherol and toc- 
opherylquinone in feces and support the hypothesis that part of the dietary 
tocopherol is converted into tocopherylquinone in the intestines. At the 
present time this method is not applicable to quantitative analysis of these 
tocopherol compounds in fecal material, but it may be of considerable 
value in studying the qualitative alterations in the structure of adminis- 
tered tocopherol compounds. 


SUMMARY 


1. Counter-current distribution was demonstrated to be applicable to 
fecal matter for the determination of tocopherol substances. 

2. Tocopherol and tocopherylquinone were identified on the basis of their 
distribution constants and absorption spectra in extracts of stools col- 
lected during control periods and during periods when tocopherol was ad- 
ministered per os, supporting the hypothesis that tocopherol is oxidized 
to its quinone in the intestines. 

3. Other reducing materials including the carotenes were shown to be 
present in feces. 
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GLUTATHIONE REDUCTASE OF WHEAT GERM* 


By ERIC E. CONN anp BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, March 16, 1951) 


In a preliminary communication, we have reported the occurrence of 
a glutathione reductase in wheat germ (1). Mapson and Goddard simul- 
taneously demonstrated this enzyme in pea seeds (2). The reaction cata- 
lyzed is! 


TPNH + GSSG + Ht > TPN* + 2GSH (1) 


In the present paper we present the experimental evidence for the exist- 
ence of this enzyme, a description of some of its properties, and a method 
for its quantitative estimation. 


Methods and Materials 


TPNt of 72 per cent purity was prepared by counter-current distribu- 
tion (3) of material of low purity obtained by an unpublished modification 
of the procedure of Warburg e¢ al. (4). DPNt of 85 per cent purity was 
prepared from cozymase-65, Sigma Chemical Company, according to an 
unpublished method of Horecker and Kornberg. The purity of the pyri- 
dine nucleotides was determined spectrophotometrically by enzymic re- 
duction with specific dehydrogenase systems. TPNt+ was reduced with 
Zwischenferment and glucose-6-phosphate (4); DPN*, with crystalline al- 
cohol dehydrogenase and ethanol (5). A molecular extinction coefficient 
of 6.22 X 10° sq. cm. per mole (6) was used to calculate the purity of both 
compounds. Glucose-6-phosphate was prepared according to Levene and 
Raymond (7). Zwischenferment was prepared according to the method of 
Kornberg (8) and was free of glutathione reductase. A sample of aspar- 
tathione (8-aspartyleysteinylglycine (9)) was generously provided by Dr. 
V. du Vigneaud; y-glutamyleysteine was a gift from Dr. K. Bloch. GSSG 
was prepared by oxidation of GSH (Schwarz) with H,O:2 according to the 
method of Pirie (10), except that copper ion was not added to catalyze 
the oxidation. In the absence of copper, the oxidation was slower and 
somewhat more than the theoretical amount of H.O2 was required, prob- 


* Aided in part by grants from the American Cancer Society upon recommenda- 
tion of the Committee on Growth of the National Research Council and from the 
Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 

!'The symbols TPN+ and TPNH represent the oxidized and reduced forms, re- 
spectively, of triphosphopyridine nucleotide; GSSG and GSH represent the oxi- 
dized and reduced forms, respectively, of glutathione. 
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ably because of the decomposition of this substance during the reaction. rot 
The course of the oxidation was followed with the nitroprusside test (11). tri 
When the test was negative, the solution was taken to dryness over H.SO, tre 
in a vacuum desiccator. Complete reduction of this material with glu- we 
tathione reductase gave values which corresponded to 100 per cent GSSG 0. 
within the error of the titration. The disulfides of y-glutamyleysteine and ch 
aspartathione were also prepared in this manner, but the solutions of these de 
disulfides were used directly without isolation in solid form. A sample of 0.( 


GSSG prepared with CuSO, as a catalyst gave results similar to those | = Ws 
obtained with the copper-free GSSG preparation. It seemed preferable, 





however, to avoid the use of Cu++ because of the catalytic effect of this pe 
ion on the autoxidation of GSH. ac 
GSH was usually determined by titration with potassium acid iodate z 
(KIO;-HIO;) according to Fujita and Numata (12). For the determina- Ww 
tion of small quantities of GSH, the colorimetric method of Fujita and ce 
Numata (11) was employed. The light absorption was determined at 530 tk 
my in a Beckman spectrophotometer within 2 minutes after the compo- e) 
nents of the test system had been mixed. The nitroprusside solution was (J 
prepared immediately before use. Two standards were run simultaneously pl 
with the unknown. The GSH content of the standards was so adjusted T 
that one contained slightly more GSH than the unknown; the other con- | 
tained slightly less. These precautions were necessary because of the rapid | a 
fading of the color and the failure to obtain a linear relationship between is 
GSH content and color intensity with the small amounts of GSH employed. ti 
Tris(hydroxymethyl)aminomethane (hereafter referred to as Tris) was 
employed as a buffer (13) in these studies. This material was purchased n 
from the Commercial Solvents Corporation and was recrystallized from t) 
95 per cent ethanol: ( 
6 
Preparation and Properties of Glutathione Reductase | t 
The data reported in this paper were obtained with wheat germ “B” 
of the B. A. Eckhart Milling Company, Chicago. It had been stored at | 1 
0° for 18 months. Fresh samples of S-50 and granular wheat germ ob- ‘ 
tained from General Mills, Inc., Minneapolis, yielded extracts containing fi 
somewhat more protein per ml., with about the same specific activity. I 
The values observed for these three separate sources were as follows: type ; 
“B,” 18.6 mg. of protein per ml. and 0.52 unit of glutathione reductase 


per mg.; type S-50, 33 mg. of protein per ml. and 0.46 unit of reductase 
per mg.; granular, 21.6 mg. of protein per ml. and 0.60 unit of reductase 
per mg. Protein was determined according to Robinson and Hogden 
(14). Enzyme units are defined in the section on assay. 

The wheat germ was extracted with water (4 ml. per gm. of germ) at 
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room temperature for 30 minutes with occasional stirring and then cen- 
trifuged at 2500 X g for 15 minutes. The enzyme was completely ex- 
tracted by this procedure. However, about one-fifth of the total activity 
was lost in the water adhering to the bulky precipitate. Substitution of 
0.025 m phosphate buffer, pH 7.4, for water as extraction fluid did not 
change the amount of enzyme extracted. The cloudy supernatant was 
decanted through glass wool to remove fat particles and dialyzed against 
0.025 m phosphate buffer, pH 7.4, for 16 hours at 0°. The final solution 
was cleared of turbidity by centrifugation at 20,000 X g. 

The extracts lose some activity on storage at 4°; for example, about 30 
per cent in 72 hours. On storage in the frozen state at —15°, the loss of 
activity in 72 hours is negligible, but, after 7 weeks, measures 40 per cent. 
The enzyme is stable to dialysis against phosphate buffer of pH 7.4, but, 
when dialysis is carried out in Tris buffer at the same pH, about 30 per 
cent loss in activity occurs in 72 hours at 4°. This loss is in addition to 
that observed on storage at this temperature. Attempts to reactivate 
extracts dialyzed against Tris with boiled extracts or with vitamin Bie 
(Betaline 12, crystalline, Lilly), have been unsuccessful. Addition of phos- 
phate may cause a 10 per cent stimulation of phosphate-free preparations. 
This effect is too small to indicate a dependence on inorganic phosphate. 

The enzyme is heat-labile and loses activity completely when held in 
a boiling water bath for 2 minutes. When the temperature of the extract 
is maintained for 5 minutes at 50°, 65°, and 80°, the loss of activity amounts 
to 48, 64, and 82 per cent, respectively. 

Glutathione reductase can be precipitated with (NH4)2SOx., and prelimi- 
nary experiments indicate that some purification can be achieved by frac- 
tionation with this salt. Fractionation was carried out by adding solid 
(NH,)2SO4 to aqueous extracts of wheat germ and adjusting the pH to 
6.5 to 7.0 with NH,OH. The precipitates were collected by centrifuga- 
tion, dissolved in 0.025 m phosphate buffer, pH 7.4, and dialyzed against 
the same buffer at 0° until free of sulfate. The bulk of the enzyme pre- 
cipitates between concentrations of 185 and 275 gm. of (NH,4).SO, per 
liter. The protein fractions employed in some of the experiments de- 
scribed in this paper were prepared as follows: The protein which was 
precipitated from the initial extract between concentrations of 150 and 
250 gm. of (NH4)2SO, per liter was collected, dissolved, and dialyzed. 
The protein which was precipitated from this solution between concentra- 
tions of 220 and 250 gm. of (NH4)2SOx, per liter is referred to as Fraction 
I. In similar fashion, the protein which was precipitated between concen- 
trations of 250 to 325 gm. of (NH,).SO, per liter was collected, dissolved, 
and dialyzed, and the protein which was precipitated from this solution 
between concentrations of 250 and 275 gm. of (NH4)2SOx. per liter is re- 
ferred to as Fraction II. 
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Direct Demonstration of Glutathione Reductase 


tion of the stoichiometry of the reaction. 


ment with Equation 1. 


proximate equilibrium constant for the reaction. 


_ __ (GSH)(TPN*) 
~ (H*)(GSSG)(TPNH) 





K = 5 X 10" 


The direct demonstration of the enzymic oxidation of TPNH by GSSG 
rests on the spectrophotometric observation of the disappearance of light 
absorption at 340 my» when TPNH and GSSG are incubated with the 
enzyme, and on the equivalence of the TPNH oxidized to the GSSG re- 
duced. A typical experiment, similar to that previously reported (1), 
was performed in the following manner. A solution was made up to con- 
tain 0.205 um of TPNH, 0.8 um of GSSG, and 2.2 mg. of glutathione re- 
ductase, Fraction I, in 2.7 ml. of 0.037 m Tris buffer, pH 7.4. The oxi- 
dation of TPNH was followed in the Beckman spectrophotometer and 
was complete in 6 minutes. The protein preparation employed contained, 
in addition to glutathione reductase, an enzyme catalyzing the aerobic 
oxidation of TPNH (15). Although the rate of the aerobic oxidation was 
much slower than the rate of oxidation by GSSG, it was necessary to work 
under anaerobic conditions in order to achieve accuracy in the determina- 


The experiment described above was therefore also carried out in an 
evacuated Thunberg tube. After 7 minutes incubation, the tube was 
opened and 0.3 ml. of 20 per cent metaphosphoric acid was added imme- 
diately to precipitate the protein. After centrifugation, an aliquot of the 
supernatant was carefully neutralized to pH 7.4 with solid NasCO; and 
analyzed spectrophotometrically for TPN+ by measurement of the in- 
crease in light absorption at 340 mu upon addition of 125 y of Zwischenfer- 
ment and 5 um of glucose-6-phosphate. The total filtrate contained 0.20 
uM of TPNt. Since 0.205 um of TPNH was added initially, this repre- 
sents satisfactory recovery. Unless special care was taken with the neu- 
tralization, adequate recovery of TPN+ was not achieved. Other samples 
prepared in identical fashion except for the neutralization were analyzed 
for —SH by the colorimetric method of Fujita and Numata (11). 
—SH content of the total filtrate corresponded to 0.40 um of GSH; 2.e., 
2 moles of GSH were formed per mole of TPNH oxidized, in good agree- 


A few attempts were made to demonstrate a possible reduction of TPN* 
by GSH in the presence of the dialyzed wheat germ enzyme. With 0.017 
m GSH and 4 X 10-5 m TPN+, no reduction whatever could be observed, 
either at pH 8.8 or at pH 7.4. These results would be expected, since 
E’, at pH 7.4 for GSSG/GSH is +0.02 (16), whereas EZ’, for TPN+/TPNH 
is probably about —0.29, on the assumption that it is close to that of 
DPN+t/DPNH (17). From these EZ’) values, one may calculate the ap- 
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When DPNH was substituted for TPNH in the spectrophotometric test 
for glutathione reductase, no effect of GSSG on the light absorption at 
340 my was observed. The components of the test system were added at 
concentrations similar to those described above, except that the quantity 
of enzyme was increased to 5.6 mg. With this amount of enzyme, a slow 
aerobic oxidation of DPNH occurs. This reaction is associated with the 
presence of TPNH oxidase, and is completely unaffected by GSSG. Glu- 
tathione reductase therefore appears to be highly specific for TPNH. We 
have not been able to confirm the report of Bukin (18) that DPNH is 
oxidized non-enzymically by GSSG. 


Use of Zwischenferment System to Demonstrate Glutathione Reductase 


When GSSG is incubated with a dialyzed aqueous extract of wheat 
germ, no significant formation of —SH groups occurs. If such a system 
is supplemented, however, with glucose-6-phosphate and a small amount 
of TPN+t, the GSSG is rapidly reduced. It is not necessary to add 
Zwischenferment to the crude extract, since this enzyme is present in aque- 
ous extracts of wheat germ. These facts are illustrated by representative 
data given in Table I. Experiments 1 and 3 were carried out with initial, 
dialyzed extracts; Experiments 2 and 4, with protein Fractions I and II, 
respectively. Similar results were obtained with all these preparations, 
except for the effect of added Zwischenferment. In the case of the initial 
extract, addition of this enzyme gave no increase in the rate of reduction 
of GSSG, indicating that both enzymes are present in the wheat germ 
extract and that the glutathione reductase rather than the Zwischenfer- 
ment is the rate-limiting factor in the reaction. With Fractions I and II, 
however, addition of Zwischenferment gave a marked stimulation of GSSG 
reduction. : 

The data of Table I also show that similar results were obtained 
whether the incubations were conducted in evacuated Thunberg tubes or 
in test-tubes open to the air. Actually somewhat higher values were often 
obtained under aerobic conditions. The reason for this is not clear. 
When 0.01 m GSH was incubated aerobically with wheat germ extracts in 
Warburg vessels, a small rate of oxygen uptake (1 ul. of O2 per hour per 
mg. of protein) was observed. One would therefore expect that the 
amount of GSH which accumulated would be slightly less under aerobic 
than under anaerobic conditions. 

The specificity of the enzyme for GSSG was also investigated.. L-Cys- 
tine, pL-homocystine, and the disulfides of aspartathione and y-glutamyl- 
cysteine were tested by substituting 2 to 4 um of each of these compounds 
for GSSG in the regular assay system with a dialyzed extract of wheat 
germ. The conditions were those described in the section on assay, ex- 
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cept that the incubations were conducted anaerobically. No —SH groups 
were formed. Negative results were also obtained when a trace of GSSG 
(0.08 um) was added to the assay system together with the other disulfides. 
Under these circumstances, the amount of —SH formed was equivalent 
only to the GSSG added. This was true also when the amount of GSSG 
was increased, except for the case of aspartathione. When 1.6 um of 
GSSG were incubated anaerobically with 1.7 um of oxidized aspartathione, 


TABLE | 
Reduction of GSSG by Glutathione Reductase and Zwischenferment System 











0.001 n KIO3;:HIO; 
Conditions ra 
Experi- Experi- | Experi- Experi- 
ment 1* | ment 2¢ | ment 3{ | ment 4t 
ml. ml. ml. ml. 

Complete system (anaerobic)...................| 2.48 2.19 
“ (CUED ETO) ARRSSS PR eee eee eee 2.82 2.61 1.80 2.58 
ROSA RAIN th aro eho eis ca widece sous cameeesel) ONOO 0.00 0.01 0.06 
‘* glucose-6-phosphate............... sea? 10306 0.00 0.04 0.00 
Se THAADLEONENICTINENG «5.660 cic os vee ow cane 2.43 0.98 1.79 2.12 
PE CLIC) CRITI RE On er ce tee 0.06 0.03 0.04 
‘¢ glutathione reductase.................... 0.04 0.02 0.09 

















The complete system contained 1.8 X 10-* m glucose-6-phosphate, 1 X 10-5 m 
TPN*, 0.125 mg. of Zwischenferment, 6 X 10-4 m GSSG (1.2 X 10-3 m in Experiment 
4), and glutathione reductase in 0.037 m Tris buffer, pH 7.4. Total volume, 2.7 ml. 
Experiment 1 employed 0.5 ml. of dialyzed wheat germ extract (19.5 mg. of protein 
per ml.); Experiment 2, 2.2 mg. of glutathione reductase, Fraction I; Experiment 3, 
0.2 ml. of dialyzed wheat germ extract (18.6 mg. of protein per ml.); Experiment 4, 
1.75 mg. of glutathione reductase, Fraction II. The reaction was started by adding 
glutathione reductase to the reaction mixture. At the end of the incubation period 
0.3 ml. of 20 per cent HPO; was added to each tube, the precipitate discarded, and 
aliquots of the supernatant titrated with 0.001 n KIO,-HIO; in the presence of KI. 

* Incubated in evacuated Thunberg tubes at 30° for 10 minutes. 

} Incubated in evacuated Thunberg tubes at 30° for 45 minutes. 

t Incubated in open tubes at 30° for 15 minutes. 


5.0 um of —SH were formed, which corresponded to reduction of all of the 
GSSG and about 50 per cent of the oxidized aspartathione. If the in- 
cubation was carried out aerobically, the apparent reduction of aspar- 
tathione disulfide did not occur. 

Since neither the colorimetric method of Fujita and Numata (11), which 
was employed to measure small-amounts of GSH, nor the iodate titration 
(12) can be regarded as specific, it seemed desirable to identify the GSH 
by another procedure. The glyoxalase reaction was used for this purpose. 
Dr. Ernest Kun generously performed these experiments for us. He em- 
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ployed a test system similar to that described by Woodward (19), but used 
a preparation of liver glyoxalase in preference to yeast glyoxalase because 
it was relatively easy to obtain a liver enzyme which did not reduce GSSG. 
Under appropriate conditions (0.01 m methylglyoxal, 0 to 100 y of GSH) 
the acid production observed was proportional to the amount of GSH 
added. The results obtained with this procedure were then compared 
with those by iodate titration. GSH as determined by the glyoxalase 
procedure amounted to only 55 per cent of the —SH determined by iodate 
titration when the reduction was catalyzed by unfractionated wheat germ 
extracts. However, when Fraction II was employed, the GSH as deter- 
mined by the glyoxalase procedure amounted to 77 per cent of the —SH 
as determined by iodate titration. It thus appears that, although wheat 
germ can destroy glutathione, this destruction is not necessarily associated 
with the reductase. Furthermore, preincubation of wheat germ extracts 
with GSSG in the absence of the reducing system did not result in any 
change in the amount of —SH subsequently formed after addition of the 
reducing components of the assay system. It appears, therefore, that, if 
GSSG is destroyed by wheat germ extract, the products formed can be 
reduced at the same rate as GSSG itself. It is more probable that gluta- 
thione is destroyed only after reduction. 


Assay of Glutathione Reductase 


Although glutathione reductase can be demonstrated most directly by 
spectrophotometric procedures, routine use of such methods entails the 
consumption of large quantities of TPNH. Coupling with the Zwischen- 
ferment system affords a quantitative assay which is both convenient and 
economical. 

The assay was run by mixing the following components in 15 ml. 
centrifuge tubes: 0.2 ml. of 0.5 m Tris buffer, pH 7.4, 0.1 ml. of Zwischen- 
ferment solution (containing 1.25 mg. per ml.), 0.1 ml. of 0.05 m glucose-6- 
phosphate, 0.2 ml. of TPN* solution (containing 100 y per ml.), and 0.2 
ml. of GSSG solution (containing 10 mg. per ml.). Water was added to 
bring the final volume to 2.7 ml. after addition of the reductase. This 
mixture and the reductase were brought separately to 30°, whereupon a 
suitable volume of the enzyme was added to the reaction mixture. In- 
cubation at 30° was continued for 15 minutes. The reaction was stopped 
by the addition of 0.3 ml. of 20 per cent metaphosphoric acid. The pro- 
tein precipitate was removed by centrifugation, and an aliquot (usually 
2 ml.) was titrated at 0° with 0.001 n KIO;-HIOs, according to the method 
of Fujita and Numata (12). The proportionality of the titration to the 
amount of protein employed is shown in Fig. 1. 1 unit of enzyme activity 
is defined as the amount of enzyme which gives a titration of 1 ml. of 0.001 
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N iodate under the specified conditions. The specific activity is defined as 
the units of enzyme per mg. of protein. 

The conditions of the assay were selected after investigation of the 
effects of varying the concentrations of the components of the system. 














| \gieaimaal | | ] l ‘ie 
40+ a 
nM - — 
© 30 
x 
m 
Oo 
g 
nT 4 
5 
(ws, 
Oo 
E 10h 4 
| | L | ——' 
0 7 20 30 40 50 60 70 
mg. PROTEIN 


Fig. 1. Assay of glutathione reductase. The graph shows iodate titer as a func- 
tion of glutathione reductase concentration. The conditions are those of the assay 
described in the text. The enzyme was a dialyzed aqueous extract of wheat germ 
containing 18.6 mg. of protein per ml. 


B TABLE II 
Effect of Concentration of Components on Assay System 
The figures represent ml. of 0.001 n KIO;-HIO;. 

















GSSG* Glucose-6-phosphatet 
TPN*+ : — 
6X 10*m {1.2K 10%m| 3X10% Mu 7 1.8 X 10°? mw} 3.7 K 10-7 ue | 5.5 X 103 uw 
‘4 | 
2.5 X 10-8 1.29 | 
5 xX 10-6 1.66 | 
1X 10-5 1.80 2.05 a | 2.24 2.21 
2.5 X 10-5 1.74 

















Glutathione reductase sample, 0.2 ml. of dialyzed wheat germ extract (18.6 mg. 
of protein per ml.). Except for the changes noted, the conditions are those of the 
regular assay. 
* Glucose-6-phosphate, 1.8 X 10-3 m 
¢ GSSG, 1.2 X 10° mu 
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The data of Table II show that maximum reduction rates were achieved 
with 1 X 10-5 m TPN?*, 1.2 X 10-* m GSSG, and 1.8 X 10-* m glucose-6- 
phosphate. The effect of pH on the assay system is shown in Fig. 2. 
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Fic. 2. Optimum pH of glutathione reductase assay system. The conditions were 
those of the regular assay, except that GSSG was 6 X 10°‘ m, TPNt was 1.25 X 
10-5 m, and the following buffers were substituted for Tris: @, 0.074 m phosphate (pH 
6.08, 6.45, 6.98, 7.40, 7.80, and 8.12); O, 0.037 m Tris (pH 7.4); A, 0.03 m acetate (pH 
5.0); O, 0.011 m pyrophosphate (pH 8.8). 











Tas_e III 
Effect of Salts on Assay System 
Conditions 0.001 Nn KIO3- HIOz Inhibition 
ml. a ae 
Control (no/salt- added)... 2e.s seen ws 2.97 0 
0.1 mM (NH,)2SO, irc terereria trate: eu eiavonel Micon st at bam en atae 0.27 | 91 
0.01 m (NH,4)2SO,..... Ele craks ANC ee tra 2.14 | 28 
OOOT MeCN SOG: .scdccscn dene van iee oe 2.68 10 
0.1m Na.SO, Mae Ce ee ee ee 0.47 84 
ee RO po 5c Sd ae ees 0.64 79 
TES NRT he co as vere stn eo 2.32 22 
aE SPIN Oh eco non nae ee CRO eA 2.90 2 
OE RO hoist aac Sogn ae nea | 2.52 15 
oh, wakeumecher aa | 0.92 69 





Glutathione reductase, 0.4 ml. of dialyzed wheat germ extract (18.6 mg. of pro- 
tein per ml.). The conditions were those of the assay system. 
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It is necessary in this assay to avoid using an amount of reductase 
which will reduce more than three-fourths of the GSSG present, since pro- 
portionality is then no longer obtained. If the incubation is continued 
for a sufficient time, the GSSG is eventually reduced completely, but the 
rate of the reaction, which is initially linear, falls off markedly with time. 

In the assay system, the glucose-6-phosphate is present in larger amount 
than the GSSG. A few experiments were carried out with smaller, limit- 
ing amounts of glucose-6-phosphate. When the reaction was allowed to 
go to completion under these circumstances, the amount of GSH formed 
was 13 to 25 per cent greater than the amount to be expected if the re- 
action stopped at the phosphogluconic acid stage.” 

The sensitivity of the assay system to salts is shown in Table III. Am- 
monium sulfate must be removed by dialysis before assay. The initial 
extract can be assayed before dialysis, but the blank iodate titration is 
high under these circumstances. This is to be expected because of the 
known high GSH content of wheat germ (21). 


DISCUSSION 


It is well known that living tissues contain glutathione in the reduced 
form and are capable of reducing oxidized glutathione. This is true of 
plant as well as of animal tissues. Mapson and Goddard (22) have sum- 
marized much of the literature on the subject in so far as it pertains to 
plants. 

The first experimental evidence for the nature of the reducing system 
was provided in 1935 by Meldrum and Tarr (23). They showed that a 
reduction of GSSG to GSH occurred in the presence of crude Zwischen- 
ferment preparations from rat blood or yeast, TPN*, and glucose-6-phos- 
phate. The impurity-of their biological preparations, however, precluded 
an unequivocal decision that the active system consisted of TPNH and a 
highly specific enzyme distinct from Zwischenferment. The present ex- 
periments, together with those of Mapson and Goddard, show that this is 
the case, at least for peas and wheat germ. We will present data 
in another paper to show that a glutathione reductase with properties 
similar to the wheat germ enzyme is very widely distributed in the tissues 
of higher plants. Similarly, the presence of glutathione reductase in a 
wide variety of animal tissues has been demonstrated by Rall and 
Lehninger.’ 


2 Manometric experiments showed that some CO. was also liberated during the 
reaction. It is apparent, therefore, that wheat germ, like yeast (20), contains en- 
zymes which catalyze the oxidative breakdown of glucose-6-phosphate by a path 
which is TPN-dependent and does not require DPN or the adenylic acid system. 
’T. W. Rall and A. L. Lehninger, personal communication. 
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There can be little doubt, therefore, that this enzyme is responsible, 
at least in most cases, for the ability of living tissues to keep glutathione 
largely in the reduced form. The significance of this for the maintenance 
of —SH-dependent enzymes in an active state has been discussed in a 
recent review by Barron (24). 

The possibility that glutathione reductase may function s as a member of 
a hydrogen transport system may also be considered. Many plants have 
been shown to contain an enzyme catalyzing the reduction of dehydro- 
ascorbic acid by GSH, and a variety of possible paths exists for the aerobic 
oxidation of ascorbic acid. Mapson and Goddard (22) have summarized 
the available information bearing on this possibility. 


SUMMARY 


An enzyme which catalyzes the reduction of oxidized glutathione by 
reduced triphosphopyridine nucleotide has been demonstrated in aqueous 
extracts of wheat germ. This enzyme has been called glutathione re- 
ductase. The enzymic reduction of oxidized glutathione proceeds to com- 
pletion stoichiometrically. No reaction can be demonstrated in the re- 
verse direction. 

Glutathione reductase will not react with diphosphopyridine nucleotide, 
on the one hand, or with cystine, homocystine, y-glutamyl cystine, or 
aspartathione, on the other hand. It is water-soluble and heat-labile, 
and can be precipitated by ammonium sulfate with little loss in total ac- 
tivity. Dialysis against neutral buffers causes only slight inactivation. 

A quantitative assay for the enzyme is described, which involves coup- 
ling with the Zwischenferment system. 
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It has been found that the administration of insulin to rats was followed 
by a highly significant decrease of the concentration of glutathione in liver 
tissue. In further studies of the effect, it was possible to demonstrate a 
significant increase of glutathione in serial samples of the blood of rabbits 
following the administration of insulin. 


EXPERIMENTAL 


Glutathione and the products of its hydrolysis were determined by 
methods of this laboratory (1); glucose was determined by the method of 
Somogyi (2) and of Nelson (3). Rats were anesthetized with ether, blood 
was removed from the vena cava, and other tissues were removed, 
weighed, and immediately homogenized with cold 5 per cent trichloro- 
acetic acid (about 10 ml. per 1 gm.), filtered, and the filtrates used in the 
analyses. Glutathione added to homogenates in water was recovered in 
yields of 98 to 105 per cent by this procedure. Total carbohydrate of the 
liver was determined as glucose following hydrolysis of the tissue with 
0.6 n HCl in the autoclave. Male rats of the Sprague-Dawley strain, 
200 to 250 gm., and adult rabbits, males and females, were fasted 16 hours 
before the start of an experiment. 

It was found that in the series of rats receiving 5 units of insulin the 
content of glutathione of the liver was decreased in a straight line relation- 
ship with time for periods of about 90 minutes. The mean values were 
controls, 128 mg. per cent; at 30 minutes, 100 mg. per cent; at 60 minutes, 
72 mg. per cent; at 90 minutes, 40 mg. per cent; and at 120 minutes, 22 
mg. per cent (standard error of each point about +20 mg. per cent, of the 
line +9 mg. per cent). The tissues of paired groups of animals were ana- 
lyzed at 120 minutes so that a comparison of other tissues could be made; 
these results are given in Table I. It is apparent that the changes in 
liver tissue were highly significant, but significant changes in other tissues 


* These studies were supported by grants from the United States Public Health 
Service. S. Fujii, R. Merkley, and J. R. Kimmel assisted in the preliminary stages 
of the study. 
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were either absent or not revealed in this study. There were no signifi- 


cant changes of total carbohydrate of the liver. Our purpose in these 
experiments was to determine whether or not the carbohydrate of the 
liver increased as the glutathione decreased. Since the change in carbo- 
hydrate, if any, was a decrease, it would not appear that the glutathione 
was used for the synthesis of carbohydrate. The magnitude of the effect 


TaBLe I[ 
Effect of Insulin on Glutathione of Rat Tissues 
10 units of insulin were given subcutaneously to the treated animals and the rats 
were sacrificed in paired groups at 120 minutes. Tissue levels are expressed as mg. 
of glutathione per 100 gm. of wet tissue; the mean values and standard errors are 
listed. CG, cysteine, cystine, and cysteinylglycine; GC, y-glutamylcysteine (cys- 
teine released by mild acid hydrolysis); and GSH, true glutathione. 






































Control Treated Change 
Proba- 
—| bility* 
CG GC GSH CG GC GSH CG GSH 
32.1 127.5} 34.1 36.1 —91.2 
MAWOP scone seen +4.67 +21.7| +7.8t +24.1 +27 .0}< <0.01 
76.6 37.8) 61.1 29.3/—15.4 
Kidney.............J43.8f +10.6/+18.7f +10.4'+17.5 0.07 
41.2 52.6) 44.3 49.9 
PIOOD oes e cs ces 3.0 5.5) +£8.37 +20.4 
21:6 | 6:6 | 421-9], 1976: |. 3-2 | 31,9 —10.0 
CECT A Re en +5.8 |4+3.2 | +9.4) 48.6 |43.3 | 44.0 +11.5 0.06 | 
19S 6.7 | U2ea) IOs) "426" |) ist 
PPB CIO Sos sited see +5.0 |42.6 | 44.8] 45.7 |43.6 | 44.9 
ed Wier (es) Ver = a ee 9-2 era 
Blopders..ss os cor 1.0 |41.5 | 47.9) 41.4 |41.4 | 48.6 | 
Total carbohy- ao 
drate, liver...... 4.1 + 2.4f 1.9 40.3f —2.2 de 2.1 | 0.09 





* Group comparison method from ¢ values; twelve rats in each group. 
t Cysteine plus cystine; cysteinylglycine is not present in these tissues. 
t Mg. per gm. of wet tissue. 


of insulin upon glutathione of liver tissue was dependent upon the dosage 
as well as upon the time of action; 5 units of insulin gave nearly the same 
effect as 10 units, but 1 unit gave approximately half the effect. It would 
appear that, if necessary, the effect could be used for the assay of insulin 
preparations. Adrenal corticotropic hormone, desoxycorticosterone, cor- 
tisone, pituitrin, or heat-killed typhoid organisms did not influence the 
levels of glutathione of liver tissue in a 2 hour period following adminis- 
tration. Various preparations of insulin ranging from 22 to 26 units per 
mg. were found to have identical effects. 
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Since normal values by our methods have not been previously pre- 
sented, certain of the results deserve comment. The normally high con- 
centration of glutathione in liver tissue, together with the relative absence 
of hydrolytic enzymes, may be considered as evidence that the liver is a 
major site of synthesis. The high levels of cysteine together with the 
occurrence of hydrolytic enzymes in considerable amounts in kidney tissue 
may be considered as evidence that the kidney is a major site of the utili- 
zation of glutathione involving hydrolytic enzymes. The levels of glu- 


| tathione in cardiac muscle were approximately 3 times those of skeletal 


TaB_e II 


Effects of Insulin, Glutathione, and Glucose on Levels of Glutathione and 
Products of Its Hydrolysis in Blood 


The values for cysteinylglycine, y-glutamylcysteine, and glutathione are cor- 
rected to a hematocrit of 50 per cent and are expressed as mg. of glutathione per 
100 ml. of blood. The normal figures represent the mean and the standard error 
calculated for nineteen adult rabbits. 5 units of insulin (subcutaneously), 500 mg. 
of glucose (intravenously), or 500 mg. of neutralized glutathione (intravenously) 


| were given to adult rabbits and the changes from the pretreatment levels in blood 


were measured at 30 and 60 minutes. Those changes with a probability of <0.01 
are in bold-faced type; those with a probability of 0.1 to 0.01 are in parentheses. 








Treatment and No. of animals Cysteinylglycine bps l Glutathione Glucose 
mg. per cent mg. per cent mg. per cent mg. per cent 
Normale(9):0s0- 7.5 + 3.0) 4.8 + 2.5) 21.7 + 5.3 80 + 15 
Insulin: (@) ec At 30 min.| —1.4 —0.6 +3.4 —57 
Glutathione (6)... +15.0 +2.2 —9.0 (+12) 
Glucose (7)....... +0.3 —0.2 0.0 +14 
Pasi Wh). At 60 min.|(—1.8) —0.4 +6.3 —64 
Glutathione (6)... +11.6 +3.2 —5.4 (+20) 
Glucose (7)....... +1.1 —0.6 0.0 +23 




















muscle but the products of hydrolysis were found in approximately equal 
amounts in these tissues. y-Glutamylcysteine (cysteine released by mild 
acid hydrolysis) was found only in skeletal muscle, cardiac muscle, and 
in blood.! 

Since there were indications of an increased level of glutathione in the 
blood of rats at 30 and 60 minutes following the administration of insulin, 


1A substance in concentrated extracts of muscle tissue of rabbits was found to 
have Rr values in paper chromatography identical with those of y-glutamylcysteine 
isolated from digests of carboxypeptidase with glutathione. Glutamic acid was 
demonstrated by paper chromatography as a product of the hydrolysis of each spot 
with hydrochloric acid (90 minutes at 94°); cysteine was identified by the Sullivan 
test as a product of the hydrolysis. 
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a study of this effect was undertaken with rabbits. The use of rabbits 
(or other larger animals) was necessary since the effects observed with 
rats were not beyond two standard deviations of the control group. With 
the larger animals, serial samples could be taken and, since the values for 
the untreated individual animals did not change (standard error about 
-++2 mg. per cent in serial blood samples for fasting humans, dogs, or rab- 
bits for periods of 8 hours), it was possible to demonstrate the changes due 
to the administration of insulin. The results are given in Table II. 
There was a significant increase of glutathione following the administra- 
tion of insulin and, at the same time, a significant decrease of the 
cysteinylglycine of the blood; at 120 minutes, in agreement with the data 
from rats, the values were not different from the pretreatment levels. 
The administration of glutathione to rabbits was followed by a decrease of 
glutathione and by a marked increase of cysteinylglycine in the blood; 
thus, the effects of the administration of insulin were opposite to those of 
the administration of glutathione in so far as blood levels were concerned. 
The rapid disappearance of glutathione from the blood and the decrease of 
glutathione in blood following its administration have been confirmed with 
rabbits in other studies and with rats and dogs. In fact, it was found 
that no extra glutathione could be detected in blood samples taken from 
the opposite leg of a dog as glutathione was given (10 gm., neutralized, 
to a 40 kilo dog) at the start and up to 30 minutes after the injection. 
No glutathione and only a few mg. of cysteine appeared in the urine in 
this period. Thus, as might be expected of an intracellular substance, 
glutathione was removed rapidly from the blood. 

In order to compare the effects of glutathione on glucose levels in blood 
with those of glucose and to determine whether the administration of 
glucose influenced the levels of glutathione, glucose was given to rabbits. 
Glutathione had no significant effect (other than from its carbon content) 
on the levels of glucose in blood, and the administration of glucose had 
no effect on the levels of glutathione or the products of its hydrolysis. 


DISCUSSION 


It is apparent that the administration of insulin was followed by a 
highly significant decrease of the levels of glutathione in the livers of rats 
and an increase of the levels of glutathione in the blood of rabbits. It is 
believed that similar changes took place in the blood of rats, but could 
not be demonstrated beyond doubt because of the normal variation of the 
values in rats. The rdéle of glutathione in the action of insulin is not evi- 
dent from our studies and there is no basis for a decision as to whether the 
effect is an important or an incidental aspect. A difficulty in the inter- 
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pretation of such results is that little is known of such important factors 
as the site of synthesis or mode of transport of glutathione. 

The levels of glutathione in blood have been observed to fall in hepa- 
tectomized animals and in patients with acute hepatic disease; it appears 
probable, therefore, that glutathione of the red blood cells is derived from 
the liver. It should be mentioned that we have been unable to rule out 
the possibility that the réle of the liver might be to furnish the constituent 
amino acids for the synthesis of glutathione by the red blood cells or by 
other tissues. However, the effects of insulin may have been a stimula- 
tion of the transport of glutathione from the liver by the red blood cells. 
If such were the case, it might be expected that, at the time the levels 
were high in blood, similar increases should be found in other tissues or 
at least there should be an increase of the products of the hydrolysis of 
glutathione. Such changes have not been evident in our studies with rats. 

The effect of administration of glutathione on the levels of glutathione 
in blood cannot be easily explained. When glutathione was given to rats, 
similar but less significant results for blood were obtained and, in addition, 
no extra glutathione was found in liver tissue; extra glutathione was found 
in other tissues and particularly large amounts were found in kidney and 
intestinal tissue. Therefore, in agreement with the postulated action of 
insulin, it may be that the levels in blood are a reflection of the rate of 
transport from the liver which is depressed when tissues are saturated 
with glutathione or, possibly, when the levels of the products of hydrolysis 
in blood are increased. 

It should be mentioned that significant results have not been obtained 
in extended efforts to demonstrate an insulin-like or anti-insulin effect of 
glutathione or the products of its hydrolysis; it is possible, of course, that 
these failures were due to poor planning of the experiments. 

A primary objective of these and related studies has been to attempt to 
reproduce the situation found in the blood of diabetic patients in which, 
as we have reported, an acid-labile derivative of cysteine was found to be 
present in much greater than normal levels. It was presumed that this 
material was y-glutamylcysteine but it was hoped that conditions might 
be found in which the material could be isolated and identified. The 
blood of alloxan-treated rabbits was found to be normal 2 or 3 weeks after 
treatment even though the animals were markedly diabetic. Treatment 
of the diabetic animals with insulin or with glutathione did not influence 
the levels of y-glutamylcysteine in blood. 


SUMMARY 


It has been found that the levels of glutathione of liver tissue of rats 
were reduced significantly following the administration of insulin. Levels 
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of glutathione in the blood of rabbits were increased following the adminis- 
tration of insulin. The administration of glutathione to rabbits was fol- 
lowed by a decrease of levels of glutathione of the blood. 
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Previous studies showed that the small intestine of the rat was rela- 
tively rich in xanthine oxidase and that this enzyme could be removed 
from the intestine as well as the liver by feeding a purified low protein 
diet (1). It was later observed (2) that a purified diet adequate in pro- 
tein caused a similar loss of the intestinal enzyme. These results sug- 
gested that the level of xanthine oxidase activity in the intestine might 
be a sensitive test for the presence in the diet of the unidentified factor! 
required for the deposition and retention of this enzyme in the liver (8). 
Such has been found to be the case. The xanthine oxidase activities of 
both the liver and intestine were found to be dependent upon an adequate 
intake of both protein and the liver residue factor.1 Either dietary factor 
alone was inadequate. Changes in the enzyme activity of the intestine 
demonstrated the need for the liver residue factor much more dramatically 
than did the level of liver enzyme because the intestinal enzyme was 
equally responsive to the dietary intake of protein or of the liver residue 
factor, while the level of liver xanthine oxidase was controlled primarily 
by the protein content of the diet and only secondarily by the liver residue 
factor. 


EXPERIMENTAL 


Liver xanthine oxidase was determined by the method of Axelrod and 
Elvehjem (4) as previously described (5). Each of a pair of Warburg 
flasks contained 1.7 cc. of a 1 + 5 homogenate (283 mg. of fresh tissue), in 
a total volume of 2 cc. The endogenous respiration was partially ex- 
hausted by a preliminary 40 minute incubation before 0.15 cc. of 0.05 m 


* Aided by grants from the American Cancer Society upon recommendation of 
the Committee on Growth of the National Research Council, and the Nutrition 
Foundation, Inc. 

1 Since the water-insoluble fraction of liver obtained as a by-product in the prep- 
aration of the antipernicious anemia factor is-a rich source of this unidentified fac- 
tor, the latter will be referred to as the liver residue factor or LRF. We are in- 
debted to W. F. White of Armour and Company for generous supplies of the liver 
residue. 
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hypoxanthine substrate was tipped in to one of the flasks. The activity] 
was obtained by averaging the net oxygen consumption in three or four| 
20 minute measurements, after excluding the low value that was always 
obtained during the first 20 minutes after the substrate addition. 

For the intestinal analysis, a portion corresponding roughly to the 
jejunum in adults and to the jejunum plus the upper ileum in small rats 
was slit, washed thoroughly in running water, and blotted dry; it was then 
analyzed for xanthine oxidase simultaneously and, by the same general 
procedure, with the liver. The hypoxanthine substrate was tipped in at 
10 or 40 minutes and readings were taken every 10 minutes. Some of the 
experiments reported in this paper were obtained with the substrate tipped 
in at 40 and others at 10 minutes, as recorded with the results. With 
numerous intestinal homogenates the substrate was added to different 
aliquots at both 10 and 40 minutes for comparative purposes. 

The results for both liver and intestinal xanthine oxidase activities have 
been expressed in net oxygen consumption per 20 minutes per flask con- 
taining 283 mg. of fresh tissue. Such values for liver and intestine may 
be converted to c.mm. of O2 per gm. dry weight, per hour, the units pre- 
viously used (3), by multiplying by 35 and 45 respectively. 

Hypoxanthine was used as the substrate in these experiments instead of 
xanthine because of the difficulty in obtaining different batches of com- 
mercial xanthine that gave identical values with the same liver homoge- 
nate. In our earlier work (5, 6), freshly prepared solutions of ‘good” 
xanthine and hypoxanthine gave the same activity, the xanthine being 20 
per cent more active after aging. Commercial preparations of xanthine 
obtained recently from several different sources have been more yellow in 
color, and have given appreciably lower activities with any given liver 
sample than those obtained simultaneously with a hypoxanthine substrate. 
Such variations in the relative activities of xanthine and hypoxanthine as 
substrates would seem to be related to the purity of these substances. 

All of the diets were based on the purified 21 per cent casein diet pre- 
viously described (3), and were identical except for the specific differences 
noted. The liver residue upon analysis yielded 11.25 per cent N, or 70 
per cent protein. The total protein content of the diets was contributed 
by the casein and liver residue,? and an appropriate adjustment in the 
glucose concentration was made when the sum of these two constitu- 
ents differed from the original'21 per cent casein. 

Weanling male rats were obtained from the Albino Farms and fed the 
indicated diets ad libitum for the.length of time recorded with the results. 
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Groups of six rats each were analyzed for each point studied, and the 
means, plus or minus standard errors, have been plotted in Figs. 1 to 7. 


2 Liver residue is referred to as LR. 
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Results 
Determination of Intestinal Xanthine Oxidase—A previous study (1) left 


/ some doubt concerning the reliability of the determination of intestinal 


xanthine oxidase because (1) there was a relatively rapid falling off in rate 
during the determination, and because (2) added milk xanthine oxidase 
activity could not be recovered. The comparative study in which the 
substrate was added to different aliquots of the same homogenate at both 
10 and 40 minutes was designed to detect any destruction of the enzyme 
during the intervening 30 minutes incubation. The results from 65 such 
comparisons showed that, when the xanthine oxidase activity of the in- 
testine was low (4 to 12 e.mm. of O2 per 20 minutes), both procedures 
gave identical results. With intermediate intestinal activities (12 to 20 
c.mm. of Oz per 20 minutes), the substrate addition after 40 minutes in- 
cubation gave results which were approximately 10 per cent below those 
obtained with the substrate tipped in at 10 minutes. Intestinal xanthine 
oxidase levels of 20 to 45 c.mm. of Oz per 20 minutes were reduced about 
20 per cent when the substrate addition was delayed from 10 to 40 min- 
utes. Addition of the substrate at zero time gave results which were in- 
distinguishable from the 10 minute tip in values. These results indicated 
a slow destruction (possibly proteolytic) of the intestinal xanthine oxidase 
during the incubation period required for its determination. The more 
rapid destruction of purified milk xanthine oxidase added to an intestinal 
homogenate may be related to the chemical differences in the two enzymes 
(7, 8). Whether or not the 10 minute tip in values are maximum and 
correct cannot be determined from these studies. However, the relatively 
small losses that result from the slow destruction of the intestinal enzyme 
during the determination would seem to be a very minor complication in 
the dietary experiments in view of the 500 to 700 per cent differences in 
enzyme activity resulting from the dietary procedures. 

The reason for the falling off in rate of xanthine oxidase activity during 
the determination was not entirely clear. It did not appear to be due to 
destruction of the enzyme by hydrogen peroxide, since the addition of 
catalase to the intestinal homogenate did not change its xanthine oxidase 
activity or alter the rapid falling off in rate. It did not appear to be due 
primarily to proteolytic destruction of the enzyme, since the activity ob- 
served immediately following a 40 minute tipping in of substrate was 
always higher than the residual activity that still existed at this time in 
those flasks receiving the substrate at 0 or 10 minutes. Part of the de- 
cline may have been due to the accumulation of uric acid. Intestinal 
homogenates did not oxidize urate and therefore did not contain uricase. 
The shape of the oxidation curve for hypoxanthine in intestinal homog- 
enates was similar to that obtained with a purified enzyme or with a liver 
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homogenate which did not contain uricase. Urate accumulation, how- 
ever, could not alone be responsible for the falling off in rate, because the 
addition of 0.15 cc. of 0.04 m urate to the body of the Warburg flask in- 
hibited the xanthine oxidase activity of the intestinal homogenate by only 
15 per cent and did not change appreciably the rate at which the activity 
declined. 

With moderate intestinal xanthine oxidase activities the first three con- 
secutive 10 minute measurements could be averaged to obtain the result. 
Good straight line relationships were not obtained universally, but the 
net oxygen consumption at 20 minutes was usually two-thirds of the 30 
minute value. With very high activities, the rate usually fell off rapidly 
after the second reading, and the result was taken from the first two read- 
ings. Very low rates of activity were often sustained for four to six con- 
secutive readings after an initial inhibition period. Inhibition of the 
endogenous respiration of the intestinal homogenate upon the addition of 
hypoxanthine substrate was observed only when the xanthine oxidase ac- 
tivity was low. 4d 

The xanthine oxidase activity of the upper two-fifths of the small in- | ‘78 

: : Ae ; for 
testine (corresponding roughly to the duodenum and jejunum) in com- | ,,, 
parison with the lower ileum was 44:31, 39:30, and 32:22 c.mm. of O: | py 
per 20 minutes in three normal rats on a chow diet. Thus the lower por- | an 
tion of the small intestine had 70 to 80 per cent of the xanthine oxidase | th 
activity of the upper portion. The colon was consistently devoid of this 
enzyme. 

Effect of Die-—Figs. 1 and 2 show the simultaneous effect on liver and 
intestinal xanthine oxidase produced by feeding weanling rats the follow- 
ing diets for 1, 2, and 4 weeks: (1) 31 per cent casein, (2) 21 per cent ca- 
sein, (3) 18 per cent casein, (4) 10 per cent casein, (5) 21 per cent casein 
plus 10 per cent liver residue (total protein 28 per cent), (6) 14 per cent 
casein plus 10 per cent liver residue (total protein 21 per cent), (7) 11 per 
cent casein plus 10 per cent liver residue (total protein 18 per cent) and 
(8) no casein, but 10 per cent liver residue (total protein 7 per cent). Six 
rats were analyzed upon receipt to give the starting values for each of the 
two independent experiments shown. 

The purified casein diets gave the following results. The liver enzyme 
was lost nearly completely within 1 week when the protein intake was 10 
per cent. An 18 per cent casein diet was also inadequate for the weanling 
rat by this criterion, but the effect was clearly evident only after a 4 week 
feeding period. The purified 21 per cent casein diet maintained the liver 
enzyme at about the starting level, while the 31 per cent casein diet gave 
similar results during the first 2 weeks, and increased levels at 4 weeks. | mi 
All of the purified diets, irrespective of protein content, caused a rapid loss | W4 
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Fig. 1. The changes in liver and intestinal xanthine oxidases produced by feed- 
ll in- ing weanling rats diets containing different amounts of casein and liver residue 
for 1, 2, and 4 weeks. The values for both tissues are expressed in net oxygen con- 
aged sumption per 20 minute period for Warburg flasks containing 283 mg. of fresh tissue. 
of Oz Hypoxanthine substrate was tipped in after 40 minutes incubation of both the liver 
’ por- | and intestine homogenates. Each point is the mean of six rats, and the length of 
-idase | the vertical line gives the plus or minus standard error of the mean. 
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Fia. 2. The changes in liver and intestinal xanthine oxidases produced by feeding 

gave | weanling rats diets containing 18 and 21 per cent protein composed of casein or a 
veeks. | mixture of casein and liver residue. Same as for Fig. 1, except that hypoxanthine 
id loss | Was tipped in after 10 minutes incubation of the intestinal homogenate. 
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of the intestinal xanthine oxidase and a continued maintenance of the low gag 
values so produced. The trend upward at 4 weeks was slight but con-| gan 
sistent, and may indicate the presence of small amounts of LRF in the of ; 
casein. 
Inclusion of 10 per cent liver residue in the diet had no effect on the loss 


be 


sm 
of liver xanthine oxidase that resulted from a gross protein deficiency (7 | |jy 
per cent protein in the 10 per cent LR diet) (Fig. 1). The liver enzyme | jy, 
level was somewhat higher when the 18 and 21 per cent total protein diets | an 


contained liver residue (Fig. 2), and the addition of 10 per cent LR to the 
21 per cent casein diet (total protein 28 per cent) gave higher values than 
the purified 31 per cent casein diet (Fig. 1). Intestinal xanthine oxidase 
was maintained at the high starting level by the addition of 10 per cent 
liver residue to the 21 per cent casein diet (Fig. 1). When the 10 per cent 
liver residue was present in the diets containing total protein contents of 
18 to 21 per cent, the intestinal enzyme fell to intermediate levels at 2 
weeks, but was restored to relatively high levels by the end of 4 weeks 
(Fig. 2). The presence of 10 per cent liver residue in the diet did not 
prevent a rapid and continued loss of intestinal xanthine oxidase when the 
protein content of the diet was only 7 per cent (Fig. 1). 

These results confirm and extend earlier (3) observations by showing 
that (1) the protein content of the diet is of major importance in deter- 
mining the level of liver xanthine oxidase and that (2) the presence of 
added LRF in the diet gives higher values than can be obtained with a 
purified diet of equal protein content, provided the total protein content 
exceeds the border line value of 18 per cent. LRF does not prevent the 
extensive loss of liver xanthine oxidase when the dietary protein is grossly 
inadequate. Intestinal xanthine oxidase is rapidly depleted and main- 
tained at a low level by diets which are deficient in either protein or LRF. 
Neither factor occupies a dominant position in controlling the enzyme 
level in this tissue, as protein does for liver xanthine oxidase; for this rea- | E: 
son, intestinal xanthine oxidase is far superior to the liver enzyme as a | ™ 
test. object for the demonstration of LRF in the diet. ft 

The effect of liver residue in these diets cannot be attributed to a ‘“‘bet- 
ter quality” of protein than is furnished by the casein for the following | g 
reasons. (1) The 7 gm. of liver residue protein in the 11 per cent casein | 1; 
plus 10 per cent LR diet are much more effective in maintaining the in- 
testinal xanthine oxidase than are the corresponding 20 gm. of casein in 
the 31 per cent casein diet. (2) Later experiments show that 2 per cent 
liver residue added to the 21-per cent casein diet gives a clearly measur- 
able effect on the intestinal enzyme. Hence 1.4 gm. of LR protein would 
have to be more effective than 10 gm. of casein when both are added to 
the 21 per cent casein diet. If the effect of liver residue were due to pro- 
tein, this protein would be at least three to seven times as effective as 
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casein, and all of the 10 per cent LR diets should then give essentially the 
same results, irrespective of variations in the “‘inactive” casein component 
of the diet. Such is far from the case, and the effect of liver residue can 
be due only to the presence of some factor other than protein. While the 
small effect of liver residue in the 18 and 21 per cent protein diets on the 
liver xanthine oxidase could be due to a “better quality” protein in the 
liver residue, it is also possible that the liver enzyme is better retained by 
an abundance of LRF when the protein content of the diet is border line. 
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Fic. 3. The changes in liver and intestinal xanthine oxidases produced by feeding 
weanling rats a 21 per cent casein diet containing 0 to 15 per cent liver residue for 
1, 2, and 4 weeks. Same as for Fig. 1. The starting value for the intestine was 
estimated by extrapolating the results obtained after 1 day on 21 per cent casein. 
Extrapolation along the curve shown in Fig. 4 was necessary because this experi- 
ment was started before it was realized how rapidly the intestinal enzyme was in- 
fluenced by the absence of LRF from the diet. 


The temporary decrease in the intestinal xanthine oxidase, occurring on 
diets containing 10 per cent liver residue and a total protein content of 
18 or 21 per cent, appeared to represent an adjustment and compensation 
by the rat either to a border line protein intake, or to a change from the 
previous high protein milk diet received during the nursing period to diets 
of lower protein content. The high levels of intestinal enzyme obtained 
at 4 weeks on the 18 per cent protein diet, in comparison with the levels 
of liver enzyme observed simultaneously, suggest that the liver is some- 
what more sensitive to a border line protein intake than is the intestine. 

Figs. 3 and 4 show the effect on liver and intestinal xanthine oxidase 
activities produced by feeding weanling rats the 21 per cent casein diet 
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with varying amounts of liver residue replacing an equal quantity of glu- 
cose. All of the rats in Fig. 3 and half of those in Fig. 4 were started di- 
rectly on these diets; the other rats in Fig. 4 were first fed the purified 21 
per cent casein diet for 6 days in order to deplete the intestine of its xan- 
thine oxidase, and were then fed the liver residue diets for an additional 2 
weeks. The rate at which the intestinal enzyme was lost when the rats 
were fed the purified 21 per cent casein diet was also determined by ana- 
lyzing groups after 1, 2, 3, and 6 days (Fig. 4). 
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WEEKS ON DIET 

Fig. 4. The changes in liver and intestinal xanthine oxidases produced by feeding 
weanling rats a 21 per cent casein diet containing 0 to 15 per cent liver residue for 
2 weeks. Some rats were fed the liver residue diets directly; others were fed these 
diets after a preliminary 6 day period on the purified 21 per cent casein diet. The 
effect of feeding the purified 21 per cent casein diet for 1, 2, 3, and 6 days, as well 
as 2 and 3 weeks, is also shown. Same as Fig. 1, except that hypoxanthine sub- 
strate was tipped in after 10 minutes incubation of the intestinal homogenate. 


The liver enzyme was maintained unchanged by the purified diet for 2 
to 3 weeks, but was increased after 4 weeks. Adding from 5 to 15 per 
cent liver residue to this diet gave increasingly higher levels of liver xan- 
thine oxidase throughout the experiment, and in one case the presence of 
2 per cent liver residue was similarly detectable. Rats fed the 10 and 15 
per cent liver residue diets for 2 weeks after a 6 day period on the purified 
diet alone had higher liver enzyme levels than rats fed the same liver resi- 
due diets directly for 2 weeks. This showed that the effectiveness of liver 
residue in aiding the deposition of liver xanthine oxidase was modified by 
the age of the rat or by previous diet, even though the liver xanthine oxi- 
dase was unaltered at the time the diets were started. 
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The high starting level of intestinal xanthine oxidase was rapidly de- 
pleted by the purified 21 per cent casein diet, and arrived at the minimum 
value of 4 to 8 c.mm. of O2 per 20 minutes within 6 days; thereafter the 
intestinal enzyme remained at this low value for the duration of the 3 and 
4 week experiments. The diet containing 2 per cent liver residue also 
permitted a rapid loss of this enzyme, and in one of the experiments the 
5 per cent liver residue diet gave a similar but slower and less marked 
response. In contrast to the persisting depletion found with the purified 
diet, the 2 and 5 per cent liver residue diets restored the intestinal enzyme 
to reasonably normal values by the end of 4 weeks. Feeding 10 and 15 
per cent liver residue usually maintained the intestinal enzyme at a high 
starting level, or restored it to such maximum values within 2 weeks when 
the enzyme level was low at the time the rats were placed on the diets. 
The response of the intestinal enzyme to liver residue diets was the same, 
whether the rats were fed the diets directly for 2 weeks or were first de- 
pleted of the intestinal enzyme by being fed the purified diet. 

The results show that when the protein content of the diet is adequate 
the intestinal xanthine oxidase rapidly reflects the dietary intake of the 
liver residue factor. They also suggest that the LRF is first absorbed 
from the diet into the intestinal substance itself and deposited in part at 
least as xanthine oxidase, and is then transferred from the intestine to 
other structures such as the liver. When the dietary content of the LRF 
is low, the intestinal xanthine oxidase is depleted even though the liver 
enzyme may be increasing simultaneously. Adequate amounts of dietary 
LRF keep the intestinal enzyme “saturated,” even though large amounts 
are simultaneously being transferred to the liver and possibly to other 
tissues. Intestinal xanthine oxidase appears to be part of the valve mech- 
anism whereby the needs of the tissues for the LRF are transferred to the 
site at which the latter is absorbed from the diet. 

Adult Rats—Studies similar to those just described for weanling rats 
were also carried out on adult male Sprague-Dawley rats. The latter 
weighed between 250 and 350 gm. for the first experiment and between 
200 and 300 gm. for the second experiment. They were maintained on 
Purina chow until the various diets were started. A group of rats was 
analyzed at the start of the dietary period to give the initial liver and in- 
testinal xanthine oxidase levels. The results of two such independent 
experiments with adult rats are shown in Figs. 5 and 6. 

The only diets which gave a marked depletion of liver xanthine oxidase 
in adult rats were low in protein, and this effect was obtained in the pres- 
ence or absence of liver residue. The very large standard error of the 
mean at 1 week showed again (1) that some rats responded to protein lack 
much more rapidly than did others. When the starting level of liver xan- 
thine oxidase was high, the purified 21 per cent casein diet caused a slow 











44 XANTHINE OXIDASE AND DIET 


trend downward, but the presence or absence of LRF in the diet of adult 
rats was clearly of secondary importance in controlling the concentration 
of this enzyme in the liver. The 18 per cent protein diet containing liver 
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Fia. 5. The changes in liver and intestinal xanthine oxidases produced by feeding 
various diets to adult rats for 1, 2, and 4 weeks. Same as Fig. 1. 
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WEEKS ON DIET 
Fic. 6. The changes in liver and intestinal xanthine oxidases produced by feeding 
various diets to adult rats for 1, 2, and 4 weeks. The effect of feeding the purified 
21 per cent casein diet for 2, 3, 4, 7, and 10 days is also shown. Same as for Fig. 1, 
except that hypoxanthine substrate was tipped in after 10 minutes incubation of 
the intestinal homogenate. 
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residue seemed to be a border line protein intake for the maintenance of 
liver xanthine oxidase (Fig. 5). 

The intestinal enzyme in adults responded as in weanlings to diets in- 
adequate in either protein or LRF, but at a slower rate. The slower rate 
and less extensive depletion of the intestinal enzyme that resulted from 
the feeding of a purified diet (21 or 31 per cent casein) are shown in Fig. 
6. As with weanlings, the 18 per cent protein diet containing liver resi- 
due did not maintain the intestinal enzyme at its starting level (Fig. 5). 
Even the corresponding 28 per cent protein diet allowed a temporary de- 
crease at 2 weeks. Adult rats also responded as did the weanlings to the 
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Fia. 7. The effect of fasting adult rats for 2, 4, 7, and 9 days on liver and intes- 
tinal xanthine oxidases. Same as Fig. 1, except that hypoxanthine substrate was 
tipped in after 10 minutes incubation of the intestinal homogenate. Average origi- 
nal and final body weights recorded above and below each point respectively. 


2 per cent liver residue diet, inasmuch as the intestinal enzyme was de- 
pleted for the first 2 weeks but restored by the end of 4 weeks. It might 
be presumed that an adult rat would require less of the LRF than 
a weanling rat, and that the intestinal xanthine oxidase could be main- 
tained readily with small amounts of liver residue in the diet. The similar 
response of adults and weanlings in first losing the enzyme from the in- 
testine and then rebuilding it as the dietary period is extended suggests 
that the relationship between supply and demand for LRF may involve 
“adjustment” periods to alterations in the diet. There seems to be an 
upper non-saturation limit beyond which a limited amount of dietary 
LRF cannot increase the intestinal enzyme within the time limit studied. 
Fasting—The parallel loss of liver and intestinal xanthine oxidases that 
occurs during the fasting of adult rats is shown in Fig. 7. The rate of loss 
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of the intestinal enzyme during fasting was perhaps a little slower but 
roughly comparable with the decline produced by the feeding ad libitwm 
of the purified 21 per cent casein diet. The rate of loss of the liver en- 
zyme during fasting was quite similar to the effect of a feeding ad libitum 
of a 10 per cent casein diet. At the end of 9 days of fasting the rats had 
lost one-third of their body weight, and the concentrations of xanthine 
oxidase in both the intestine and liver were about 50 per cent of that 
found in well fed rats. 


DISCUSSION 


As far as changes in xanthine oxidase are concerned, intestine, blood, 
and liver are markedly affected by inadequate diets, while lung, spleen, 
and kidney are not (2, 9). The liver enzyme is particularly sensitive to 
the protein content of the diet, and is influenced secondarily by the pres- 
ence or absence of the liver residue factor. On a purified diet the LRF 
is supplied for the synthesis of small amounts of liver enzyme by with- 
drawing it from other tissues such as the intestine, or as a relatively minor 
contaminant of the purified casein. Maximum levels of liver xanthine 
oxidase have not been obtained without the inclusion of LRF in the diet. 
The effect of various diets on liver xanthine oxidase is also influenced by 
the level of enzyme activity in the liver at the time the rats are started 
on the diets. Particularly low values (10 c.mm. of O2 per 20 minutes 
or 350 units) can often be brought to the intermediate range (20 c.mm. 
of O2 per 20 minutes or 700 units) faster by diets containing more than 
21 per cent casein; in such cases the addition of LRF cannot always be 
distinguished from what may be a protein effect. There is no assurance 
that the casein is completely free of LRF, and the response to increased 
amounts of casein in ‘the diet cannot safely be attributed to protein alone. 

In contrast to the relatively complicated combination of factors that 
influence the level of liver xanthine oxidase, the intestinal enzyme responds 
immediately and directly to the dietary intake of protein and liver residue 
factor. Both are needed simultaneously to maintain the high level of 
intestinal enzyme with which the weanling rat is endowed by virtue of 
its previous milk diet. In the absence of either dietary factor, 70 to 80 
per cent of the intestinal enzyme is promptly lost. Protein is no more 
effective than the liver residue factor in controlling the level of intestinal 
xanthine oxidase. For purposes of demonstrating the need for the liver 
residue factor in the diet, the results obtained with intestinal xanthine 
oxidase are much more conclusive than those provided by a study of the 
liver enzyme, even though the conclusions are the same as those previously 
reported (3). 
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SUMMARY 


At weaning, the liver xanthine oxidase was one-fourth to one-half of the 
maximum value eventually attained on a good diet and the intestinal 
xanthine oxidase was nearly maximum. The high starting level of intes- 
tinal xanthine oxidase in the weanling rat (30 c.mm. of O2 per 20 minutes 
per 283 mg., wet tissue) was depleted to a minimum value of 6 c.mm. of 
0. within 6 days by the feeding of a purified diet, irrespective of varia- 
tions in casein content between 10 and 31 per cent; the low value was 
maintained for at least 4 weeks. Similar results were obtained with a 
diet containing 10 per cent liver residue but no casein (7 per cent total 
protein). The addition of 10 per cent liver residue to a 21 per cent casein 
diet maintained the intestinal xanthine oxidase at the starting value for 
4 weeks, or restored it to such maximum values within 2 weeks when fed 
to depleted rats. Diets containing 21 per cent casein plus 2 per cent liver 
residue, or 10 per cent liver residue plus 11 or 14 per cent casein, permitted 
the intestinal enzyme to fall to intermediate levels at 2 weeks, but gave 
a restoration to reasonably normal values by 4 weeks. For any given 
total protein content above a border line of about 18 per cent, the liver 
xanthine oxidase was always higher when the diet contained liver residue. 

Adult rats starting with high levels of liver and intestinal xanthine oxi- 
dase responded to these diets with changes that were similar to but were 
effected more slowly than those with the weanlings. Fasting caused a 
parallel loss of both liver and intestinal xanthine oxidases at a rate com- 
parable to the decreases in these enzymes that resulted from feeding ad 
libitum a low protein or purified 21 per cent casein diet respectively. 

The results showed that the deposition or maintenance of xanthine oxi- 
dase in the intestine was dependent upon a diet simultaneously adequate 
in both protein and the unidentified liver residue factor. The level of 
liver enzyme was controlled predominantly by the protein content of the 
diet and only secondarily by the amount of LRF fed. Since the intestinal 
enzyme was not controlled to any greater extent by the protein than by 
the LRF content of the diet, intestinal xanthine oxidase was far superior 
to the liver enzyme as a test object for the demonstration of the latter in 
the diet. It was also suggested that intestinal xanthine oxidase may be 
part of the valve mechanism which regulates the absorption of LRF from 
the diet. 
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A BIOASSAY PROCEDURE FOR THE DIETARY FACTOR 
RELATED TO XANTHINE OXIDASE* 
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(From the Department of Biochemistry, State University of New York, Medical Center 
at Syracuse University, Syracuse, New York) 


(Received for publication, February 12, 1951) 


Previous studies (1-4) have shown that the level of xanthine oxidase 
in the liver and intestine reflected the dietary intake of some unidentified 
factor,! provided the protein content of the diet was adequate. Changes 
in the liver enzyme could not be adapted into a good bioassay procedure 
because the effect of liver residue factor! was relatively small and because 
dietary protein rather than LRF seemed to be the predominant factor 
in increasing very low levels of ¢liver xanthine oxidase to intermediate 
levels. Significant increases beyond the intermediate level were dependent 
upon a dietary supply of LRF. 

These difficulties have been overcome by using the xanthine oxidase 
activity of the intestine as the criterion for the presence of the liver residue 
factor in the diet. The difference between the intestinal enzyme level 
obtained in the presence and absence of LRF was 500 to 700 per cent, 
and the protein content of the diet was of no greater importance than 
LRF in determining the response. This has yielded a practical and re- 
liable method of bioassay for the liver residue factor. 


Methods 


Both liver and intestinal xanthine oxidase activities were determined 
as previously described (4). Activity values for both tissues have been 
recorded as net oxygen consumption per 20 minutes per flask containing 
283 mg. of fresh tissue. All the diets were based upon the purified 21 per 
cent casein diet previously described (1), and were identical, except for 
the specific differences noted. Alterations were made with appropriate 
adjustments of the glucose concentration. The diets were fed to 21 day- 
old male Albino Farms rats for the times indicated before the tissues were 
analyzed for xanthine oxidase. All the diets were tested on groups of six 


* Aided by grants from the American Cancer Society upon recommendation of 
the Committee on Growth of the National Research Council, and the Nutrition 
Foundation, Inc. 

1 The water-insoluble fraction of liver is a rich source of this unidentified factor; 
the latter will be referred to as the liver residue factor or LRF. We are indebted to 
W. F. White of Armour and Company for generous supplies of the liver residue. 
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rats for each point studied. The results have been given as the mean 
plus or minus standard error for the group. 


Results 


Fig. 1 shows the simultaneous effect on liver and intestinal xanthine | 
oxidase activities produced by feeding various diets to weanling rats for | 
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Fic. 1. A comparison of liver and intestinal xanthine oxidase activities in wean- 
ling rats fed various diets for 2 weeks. Values for both tissues are expressed in net 
oxygen consumption per 20 minute period after tipping in hypoxanthine substrate 
at the 40 minute point to Warburg flasks containing 283 mg. of fresh tissue. Each 
point is the mean of six rats, and the length of the crosses gives the plus or minus 
standard error of the mean. The amounts of liver residue added to the 21 per cent 
casein diet are given in the boxes. For those given in roman numerals, the hypoxan- 
thine was tipped into the intestinal homogenate at 10 instead of 40 minutes. 


2 weeks. All five control groups fed the purified 21 per cent casein diet, 
representing five independent experiments, were consistently low in liver 
and intestinal xanthine oxidase activities. The values for liver were ap- 
proximately one-half of those previously obtained (1). With such low 
control values, the feeding of an additional 10 per cent casein (total of 
31 per cent casein) or 15 per cent acid-hydrolyzed casein (total of 36 per 
cent casein) gave a significant increase in the liver xanthine oxidase ac- 
tivity, but had no effect on the intestinal enzyme. Of the three groups 
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fed dog chow, which was previously reported to be effective (1), one group 
showed a significant effect on the liver while two did not; all three gave 
good responses as determined by intestinal xanthine oxidase. The addi- 
tion of 2, 5, or 7.5 per cent liver residue to the 21 per cent casein diet gave 
significant increases in liver xanthine oxidase, but these three diets could 
not be distinguished from each other or from the added casein groups on 
this basis. With intestinal xanthine oxidase as the criterion, increasing 
amounts of liver residue in the diet gave increasing levels of intestinal 
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Fig. 2. Average intestinal xanthine oxidase response obtained from three inde- 
pendent experiments in which weanling rats were fed diets containing 21 per cent 
casein plus 0 to 15 per cent liver residue for 2 weeks. Values expressed in net oxy- 
gen consumption per 20 minutes per Warburg flask containing 283 mg. of fresh tissue. 
Hypoxanthine substrate was tipped into the intestinal homogenate at 10 minutes. 
Each point is the mean of six rats, and the length of the vertical line gives the plus 
or minus standard error. 


enzyme. With 10 or 15 per cent liver residue in the 21 per cent casein 
diet, or by feeding whole dried milk powder supplemented with minerals, 
the effects on both the liver and intestine were so great as to be significant 
by either criterion and to exceed significantly the results obtained with 
added casein. 

Bioassay Curves— Fig. 2 shows the intestinal xanthine oxidase activities 
obtained in three independent experiments by feeding the 21 per cent 
casein diet with 0 to 15 per cent liver residue substituted for glucose to 
weanling male rats for 2 weeks. The average curve clearly shows the 
nature of the intestinal response to increasing amounts of liver residue in 
the diet. The variability obtained in repeated tests with groups of six 
rats shows that this number of animals was not large enough to provide 
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great accuracy, but such a finding is typical of most bioassay procedures. 
Liver residue levels of 5 per cent or higher were essentially “saturation” 
levels under these experimental conditions. 

In further studies related to the development of a bioassay procedure 
the weanling rats were first fed the purified 21 per cent casein diet for 
6 to 13 days in order to reduce the intestinal enzyme to minimum values 
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Fig. 3. Average intestinal xanthine oxidase response obtained from four experi- 
ments in which weanling rats were fed the purified 21 per cent casein diet for 6 to 13 
days, after which diets containing 21 per cent casein plus 0 to 10 per cent liver resi- 
due were fed for 7 days. Same as Fig. 2. O and A, from the same large group of 
rats and started on the diets simultaneously. 

Fia. 4. Intestinal xanthine oxidase response to diets containing 0 to 10 per cent 
liver residue in a total protein content of 21 or 31 per cent. Weanling rats were fed 
a purified 21 or 31 per cent casein diet for 6 to 9 days, after which the liver residue 
diets containing the same amount of total protein were fed for 7 days. Same as 
Fig. 2. 0, A, V, from the same large group of rats and started on the diets simul- 
taneously. 


(4) and thereby to eliminate any initial variations. Diets containing from 
0 to 10 per cent liver residue added to the 21 per cent casein diet at the 
expense of glucose were then fed for 2 or 7 days before the intestinal 
xanthine oxidase was determined. 

The results of the 7 day feeding experiments are shown in Fig. 3. No 
differences were detected when the preliminary depletion period was varied 
between 6 and 13 days. The response obtained by feeding the liver residue 
diets for 2 days was similar to, but more variable than, the 7 day results. 
Apparently the intestinal xanthine oxidase achieved rapid equilibrium with 
the diet, and longer feeding periods modified this initial response but little. 
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In addition to previous studies (Fig. 1 and (4)) which showed that the 
effect of liver residue could not be attributed to protein, the results in 
Fig. 4 provide further evidence on this point, and also show that a 21 per 
cent casein diet may not be adequate for a maximum response in the 
absence of any protein in the test supplement. Several groups of weanling 
rats were fed a purified 31 per cent casein diet for 6 to 9 days in order to 
deplete the intestinal xanthine oxidase. They were then fed diets varying 
in liver residue from 0 to 10 per cent, but containing a constant 31 per 
cent total protein. The latter was made up of the protein in the liver 
residue plus enough casein to yield a total of 31 per cent protein. After 
7 days on the liver residue diets, the intestines were analyzed for xanthine 
oxidase. Simultaneously with one of these experiments another group of 
rats was depleted with a purified 21 per cent casein diet, and then fed 
liver residue diets having a constant total protein content of 21 per cent. 

Rats receiving both the 21 and 31 per cent protein diets with increasing 
amounts of liver residue in the diet had progressively increasing levels of 
intestinal xanthine oxidase. The curve resulting from the inclusion of 
liver residue in a constant 31 per cent protein diet (Fig. 4) was very similar 
to the curve resulting from the addition of liver residue to the 21 per 
cent casein diet (Fig. 3). The effect of liver residue was also clearly evi- 
dent when the dietary protein was constant at 21 per cent, but the maxi- 
mum effect of the liver residue was not obtained. 

The addition of liver residue to the 21 per cent casein diet gave a maxi- 
mum intestinal response for the amount of LRF fed, since no greater 
effect was obtained when the protein content of the diet was raised to 
31 per cent. Based upon the results with 2 and 5 per cent liver residues, 
the maximum intestinal response was obtained with diets containing 22.5 
and 24.5 per cent protein, but there is no assurance that this amount of 
protein is adequate for a maximum response with larger amounts of LRF 
or that all proteins would behave similarly in this respect. 

Distribution of LRF—Table I shows the results obtained when a variety 
of different substances were added to the 21 per cent casein diet and fed to 
weanling rats. In some cases the diets were fed directly for 2 weeks; in 
other cases the diets-were fed for 7 days after a preliminary depletion of 
the intestinal enzyme by the purified diet alone for 6 to 10 days. Table I 
gives the intestinal xanthine oxidase activities obtained with the test diets 
as well as the corresponding values obtained with two control groups of 
rats simultaneously fed (1) the purified 21 per cent casein diet and (2) 
the 21 per cent casein plus 5 per cent liver residue diet. The activity of 
the test substance, in comparison with that of liver residue, could be esti- 
mated from the simultaneous assay curve established by these two control 
diets and the relatively constant point characteristic of a 10 per cent liver 
residue diet. 
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TaBLeE I—Concluded 

















Bioassay | Average intestinal xanthine oxidase activity, 
stain procedure c.mm. Oz per 20 min. per 283 mg. 
oun oe ‘ 
Substance tested | per 100 “= mite to 
gm. diet} No. Days | Control 21 per} Control 5 per 
of [+ me cent casein cent liver Test diet 
rats diet residue diet 
gm. 

Cream xan- 0.27) 6 7 (10.3 + 2.0/21.4 + 3.6/18.0 + 2.4 1200 
thine** oxi- | | (32/0.27 gm.) 
dase 

Skim milk** 3.84 5 7 (10.3 + 2.0/21.4 + 3.6/86.2 + 3.9 >300 
xanthine oxi- (>100/3.8 gm.) 
dase 




















* Similar negative results were obtained with a solution containing 5 mg. per ce. 
of glucose and 1 mg. per cc. of xanthopterin dissolved in 1 equivalent of NaOH and 
autoclaved at 15 pounds for 20 minutes. 

} Negative results were also obtained with 6-dihydroxanthopterin, isoxanthop- 
terin, 6-methylisoxanthopterin, 7-xanthopterin, and 2-amino-4-hydroxypterin. 

t The following mixture was added to the 21 per cent casein diet (in mg. per 100 
gm. of diet). Biotin 0.25, inositol 10.0, p-aminobenzoic acid 10.0, rutin 2.0, ergos- 
tanyl acetate 2.0, folic acid 1.0, ascorbic acid 15.0, riboflavin 1.2, adenine 10.0, d-ri- 
bose 20.0, menadione 0.5, mixed tocopherols 25.0, and vitamin Bie 0.5. 

§ E. L. R. Stockstad, Lederle Laboratories Division, American Cyanamid Com- 
pany, Pearl River, New York. The insoluble residue obtained as a by-product in 
the manufacture of aureomycin was about as active as the mash, while the aqueous 
soluble fraction was inactive. 

|| Aureomycin added to a 31 per cent casein diet. 

4 Penicillin, Bristol Laboratories, Inc., Syracuse, New York; soy bean flour, 
A. E. Staley Manufacturing Company, Decatur, Illinois; Cerophyl, Cerophyl Lab- 
oratories, Kansas City, Missouri; hog kidney, horse heart, pancreas, calf spleen, 
duodenum, dried and defatted, VioBin Corporation, Monticello, Illinois; dry whole 
milk, Klim, The Borden Company, New York; brewers’ yeast, strain K, Anheuser- 
Busch, Inc., St. Louis, Missouri. 

** Prepared from cream by the method of Ball (6) Qoz = 428 at 38°; skim milk 
xanthine oxidase, prepared from skim milk by the method of Corran ez al. (7). 
Qoz = 44 at 38°. 


All of the crystalline vitamins tested were without effect. While a maxi- 
mum response could not be anticipated with these substances because the 
total protein content of the diet was 21 per cent, the completely negative 
results are considered reliable. Most of the substances found active were 
tested at 10 per cent of the diet and could be expected to furnish enough 
additional protein to the 21 per cent casein to allow a response approaching 
the maximum. The results are not considered to be precise comparisons, 
but are believed to be in the correct order of magnitude. The greatest 
potential discrepancy is that those substances recorded as having good 
activity may in fact have even higher activities. 
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The following were considered to be good sources of the LRF: kidney, 
liver residue, spleen, aureomycin mash, soy bean flour, Cerophyl, and dry 
buttermilk. Crystalline aureomycin had little if any activity in this test. 
Moderate sources were duodenum and dried whole milk, though milk ob- 
viously becomes an excellent source of supply during the nursing period. 
This suggests that the function of xanthine oxidase in milk may be nothing 
more than a transport mechanism whereby the LRF is transmitted by 
the mother to the new offspring. Poor sources were heart, pancreas, and 
yeast. None of these dietary substances had any xanthine oxidase ac- 
tivity per se. On a basis of common distribution, it is possible that the 
LRF is identical with the antithyrotoxic factor described by Ershoff (5). 

Purified xanthine oxidase prepared from cream (6) or skim milk (7) 
contained this factor in large amounts. The cream enzyme was at least 
twelve times as active as liver residue and thirty times as active as whole 
milk; moreover the activity actually found for this enzyme preparation 
was probably less than the true maximum value because the total protein 
content of this diet was about 21 per cent. Skim milk xanthine oxidase 
was tested at a level which gave such high intestinal values that the limit 
of the method was exceeded. The results are clear in showing that this 
dietary factor is concentrated along with the xanthine oxidase during the 
purification of the latter. 


SUMMARY 


Feeding weanling rats a purified diet containing 0 to 15 per cent liver 
residue gave progressively increasing levels of intestinal xanthine oxidase 
activity that ranged from 6 to 33 c.mm. of O2 per 20 minutes per 283 mg. 
This intestinal response provided a satisfactory bioassay curve for the un- 
identified dietary fattor related to xanthine oxidase. 

Good sources of the unknown factor were kidney, liver residue, spleen, 
aureomycin mash, soy bean flour, Cerophyl, and buttermilk. Duodenum 
and milk were moderate sources, while heart, pancreas, and yeast were 
poor. The possible identity of this factor with Ershoff’s antithyrotoxic 
factor is indicated. 
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NUCLEIC ACID CHANGES IN THE MOUSE DURING 
GESTATION* 


By D. V. N. REDDY anp LEOPOLD R. CERECEDO 
(From the Department of Biochemistry, Fordham University, New York, New York) 


(Received for publication, March 1, 1951) 


The nucleic acid changes during embryonic development have been stud- 
ied by several investigators (1-4). It is now generally agreed that a rap- 
idly growing tissue has a high concentration of nucleic acid (5). Thus, 
in the avian embryo, the concentrations of pentose nucleic acid (PNA) 
and desoxypentose nucleic acid (DNA) increase during the time of the 
most rapid growth of the tissue (6, 7). Similar results were obtained with 
the sheep embryo (8). While the present study was in progress, Gesch- 
wind and Li (9) reported their observations on rat liver. They found 
that in the fetal liver the ratio of PNA phosphorus to DNA phosphorus 
remains constant from the 16th through the 19th day of gestation. After 
birth, it rapidly rises until the young are weaned. 

Surprisingly enough, in spite of the extensive work carried out in this 
field, no one has, to our knowledge, studied the changes of nucleic acid 
in the maternal tissues during gestation. Therefore, it seemed to us of 
particular interest to investigate this aspect of the problem, and also to 
reexamine the relationship of nucleic acid to growth in the mammalian 
embryo with the aid of improved analytical methods now available. The 
results of this study are reported in the present communication. 


EXPERIMENTAL 


Mice of the Swiss strain of approximately the same age and weighing 
between 30 and 40 gm. were employed in these experiments. They were 
mated in individual cages and separated after 48 hours. Dates of breed- 
ing were determined by observing the vaginal plug. In the case of animals 
in which vaginal plugs were not observed, but which showed fertilization 
(as indicated by increase in weight after the 10th day of separation), the 
date of breeding was taken as the one prior to separation. We are aware 
that the method of determining the date of pregnancy is not very accurate. 
This does not, however, invalidate our results. In some cases there might 
be a difference of even 24 hours for the same date of fertilization, but, 
since in each experiment three to five animals were used, this possible 
error is certainly minimized. 

* This investigation was supported by a grant from the Damon Runyon Memorial 
Fund for Cancer Research Inc. 
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Groups of three to five mice, which had become pregnant the same day, per 


were killed by decapitation. The embryos and the livers, kidneys, lungs, in I 
and spleens of the parent animals were removed immediately, weighed, valt 
separately pooled, and homogenized in a glass homogenizer with distilled F 
water at 0°. The livers of the embryos were treated similarly. All the and 
homogenates were approximately 10 per cent solutions. fall 


Aliquots of 2 cc. were removed for nucleic acid analyses and dry weight 
determinations. For the latter, all samples were dried at 105-110° to 
constant weight. The nucleic acids were isolated by the trichloroacetic 
acid method of Schneider (10). The PNA was estimated according to | 
the method of von Euler and Hahn (11), the DNA by Stumpf’s method | — 




















(12). Peri 
gest 
TaBLE I 

Nucleic Acid Changes in Embryo - 
Age of embryo | Average weight ima staat PNA | DNA | ti 
oa = i= a — eee ] 
days gm. | |mg. per gm. dry tissue|mg. per gm. dry tissue 1 
12 0.09 | 5 58.2 + 1.03* | 91.2 + 1.49* 1 
15 0.34 5 52.8 + 1.46 73.8 + 2.24 1 
16 0.52 | 4 50.5 + 1.40 72.8 + 2.63 1 
17 0.74 | 4 38.2 + 1.22 54.8 + 0.79 ‘ 
19 1.25 | 4 33.21.66 | 53.9 + 1.22 aa 

20 1.78 | 2 29.0 + 0.45 46.3 + 2.25 
21T | 2.10 | 3 23.5 + 0.35 44.9 + 1.80 — 
ee = = : oe Con 
* Standard error, ~/Zd?/(n(n — 1)), where d is the deviation from the mean and 
n the number of determinations. 
+ A few hours after the litter was dropped. 
Ks l 
Results 


Table I shows the concentration of nucleic acids in the embryo from the 
12th through the 20th day of gestation. On the 12th day, the concen- , 
tration of PNA is about 58 mg. per gm. of dry tissue, while that of DNA 
is still higher, about 91 mg. per gm. These concentrations are higher | rati 
than those found in any tissue in the adult animal except spleen, in which | to 
DNA is of the order of 100 to 120 mg. per gm. of dry weight (Table II). | sim 
Concomitant with the growth of the embryo, PNA and DNA decrease | live 
gradually to a level of 23 and 45 mg. per gm. respectively, just before | 19t 
the litter is dropped. lon 

Table II shows the nuclei¢e acid concentration in liver, lung, kidney, 
and spleen of both experimental and control animals. As can be seen, 
on the 20th day of gestation, liver PNA has a value of about 30 per cent n 
over that of the controls, while the increase in DNA value is almost 100 
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per cent. Kidney and lung, on the other hand, show little or no change 
in PNA, while the DNA concentration in these organs rises sharply. The 
values for spleen, however, remain unchanged. 

Fig. 1 shows the results obtained with mouse liver, both in the pre- 
and postnatal stages of growth. The concentrations of PNA and DNA 
fall gradually from the 15th prenatal day to the weaning stage. The 


















































TaB_e II 
Nucleic Acid Changes in Pregnant Mouse 
Liver Lung 
= ag ug 
33 ' 33 
Peiodot | S| PNA pra | Period. |S] pa DNA 
6a a8 

J tole S ee 

days og | a) a ne oO ere 
1SSU tss 

Controls} 4 |26.4 + 0.24*|11.2 + 0.18*|Controls| 4 {10.5 + 0.25) 15.9 + 0.35 
12 4 |30.0 + 1.33 18.8 + 1.61 12 3 {13.9 + 0.23) 29.0 + 1.14 
15 4 /41.7 + 1.94 |18.5 + 2.47 15 3 {14.3 + 0.86) 31.2 + 2.24 
16 4 |88.6 + 1.59 20.5 + 1.22 16 3 |12.1 + 0.66) 26.8 + 1.28 
17 4 |40.3 + 0.46 21.2 + 1.73 19 3 {13.1 + 1.17) 24.6 + 1.16 
19 4 (38.5 + 0.41 |20.9 + 1.56 20 3 {11.8 + 0.37) 22.9 + 0.99 
20 2 36.4 + 4.40 [22.9 + 1.90 

Kidney Spleen 

ie l l 

Controls} 3 (20.4 + 0.65* 20.1 + 1.31*/Controls | 3 39.3 + 0.81/107.0 + 3.98 
12 3 /20.0 + 1.32 32.7 + 1.95 12 3 (41.1 + 1.06/105.0 + 5.37 
15 3 20.0 + 0.48 31.3 + 3.91 15 3 (42.3 + 1.66/115.5 + 3.62 
16 3 20.4 + 0.75 (30.6 + 1.58 16 3 42.5 + 1.52106.0 + 4.02 
17 3 (21.5 + 1.34 30.3 +°1.14 17 3 39.1 + 0.49110.0 + 2.35 
19 1 (19.2 (29.4 19 3 41.3 + 1.20'105.0 + 1.88 
20 2 122.4 + 1.60 31.3 + 1.39 20 2 [38.8 + 1.75)119.0 + 2.00 





* Standard error (see foot-note to Table I). 


ratio PNA:DNA is, however, constant from the 16th day of gestation 
to the 4th day after-birth and then gradually rises. These results are 
similar to those of Geschwind and Li (9), who found that in the fetal rat 
liver the ratio PNA P to DNA P remains constant from the 16th to the 


19th prenatal day. In the mouse, however, this ratio is constant for a 
longer period. 


DISCUSSION 


The idea that the 6th to the 16th day is the time when protein metabo- 
lism is most conspicuous (1) in the chick embryo and that this period of 
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growth is related to the concentration of nucleic acid in the tissue (6, 7) 
is now well accepted. 

Work in our own laboratory on the chick embryo is in good agreement 
with the observations of Novikoff and Potter (6), who found that in the 
chick embryo the concentrations of PNA and DNA reach a maximum be- 
tween the 14th and the 16th days and fall thereafter. Even though it | 
was not possible to determine embryo nucleic acids in our experiments | 
before the 12th day because of the smallness of the embryo, it is reason- | 
able to assume that the nucleic acid concentrations reach a sisieneeecis | 
sometime close to the 12th day. There seems to be a significant difference | 
between the mammalian (mouse) embryo and the avian (chick) embryo. | 
The concentration of DNA is higher than PNA in the mouse embryo, | 
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Fig. 1. Nucleic acid concentration of mouse liver 


whereas in the chick embryo the reverse is true (6).!. We also find that 
when the amounts of PNA and DNA per mouse embryo are plotted 
against the age of the embryo the curves (not given here) show a steady 
rise, similar to that found in the case of the chick embryo. 

Our observations on fetal mouse liver are in good agreement with those 
of Geschwind and Li (9). 

The changes in the nucleic acid concentration of liver, kidney, and lung 
in the parent animals are highly interesting. Perhaps there is a stimu- 
lation of the general metabolism of nucleic acids during the development 
of the rapidly growing embryo. The fact that the nucleic acid content of 
the spleen remains unchanged is quite surprising, for this organ has been 
shown to be a very active tissue (13). Petermann et al. (14) have observed 
that in leucemia the content of spleen PNA increased to 2.5 times the 


1 This finding has been confirmed in our laboratory, 
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normal value, whereas that of DNA did not alter significantly. We have 
at present no explanation for this apparent “inactivity” of the spleen. 


SUMMARY 


1. The concentrations of pentose nucleic acid (PNA) and desoxypentose 
nucleic acid (DNA) of mouse embryo from the 12th through the 20th day 
of development, and of liver, lung, kidney, and spleen of the parent ani- 
mals during the corresponding period of gestation have been determined. 
In addition, the nucleic acid content of mouse liver has been estimated 
from the 15th prenatal day to the 21st day after parturition. 

2. In the embryo, PNA and DNA concentrations are highest on the 
12th day and then fall sharply. The DNA concentration is higher than 
PNA at all stages of growth investigated. 

3. The liver, kidney, and lung of the parent animal show changes in the 
concentrations of nucleic acids during the gestation period. Of these tis- 
sues, liver shows a marked rise both in PNA and DNA, while in kidney 
and lung there are similar increases in DNA. Spleen alone does not show 
any change. 

4. The concentrations of PNA and DNA, in mouse liver, fall gradually 
from the 15th prenatal day to the 21st day of the postnatal stage but 
DNA drops more sharply and to a lower level than PNA. 

5. The ratio PNA:DNA in the liver remains constant from the 15th 
prenatal day to the 4th day after parturition. 
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INTERCONVERSION OF PROPIONATE AND SUCCINATE 
BY PROPIONIBACTERIUM PENTOSACEUM 


By STANLEY BARBAN anv SAMUEL J. AJL. 


(From the Department of Bacteriology and Immunology, Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, March 20, 1951) 


Delwiche (1) described conditions under which the decarboxylation of 
succinate constitutes a major pattern of propionate formation by Pro- 
piontbactertum pentosaceum. From the data presented, it appears that the 
succinic decarboxylase system is sufficiently active to produce propionic 
acid from succinate at a rate comparable to the rate of production of pro- 
pionic acid from pyruvate. 

In this communication experiments will be described dealing chiefly 
with the reverse of this reaction, e.g. 


CH;—CH,—COOH + CO; — COOH—CH,—CH.—COOH 


Carson and coworkers (2, 3), using isotopic techniques, offered evidence 
suggesting the possible interconversion of propionate and succinate. This 
interconversion involves the accompanying set of reactions. 





COOH COOH 

Substrate — CO 4+4H CH: 
——> | 

CH; —H:0 CH; 

\| + CO:z 

: ae COOH 

| 
CO +2H CHOH —H,0 











| — | ———” 
CH, -2H GH, +20 





COOH - COOH 
COOH COOH 
| | 
CH +2H CH, 
> 

| 
CH —2H CH: 

| 
COOH COOH 


They state that the rate of interconversion, however, may be too slow 
to account for the radioactivity usually found in propionic acid; e.g., when 


63 





64 INTERCONVERSION BY P. PENTOSACEUM 


glycerol is incubated in the presence of C“O.. They suggest that the high 
activity in the propionate might be explained on the assumption that the A 
direct. decarboxylation of succinate to propionate and CO, is reversible. wit 
They tested this hypothesis by the addition of propionic acid and succinic pr 
acid to cell suspensions in the presence of radioactive COs at pH 7.0. pu 
Their results were interpreted as evidence against the formation of succinic qu 
acid from CO: and propionate. These negative results are not surprising an 
in view of the recent findings of Delwiche, which clearly indicate that, at m« 
pH 7.0, succinic decarboxylase is completely inactive. At acid pH, how- 
ever, the succinic decarboxylase enzyme is very active, and, when the th 
reversibility of this reaction is tested under these conditions, positive data va 
can be obtained. m. 
When CO, was incubated in the presence of inactive succinate, fuma- ce 


rate, and malate at pH 5.8, there was incorporation of radioactivity into 
the carboxyl groups of succinate. Fumarate was completely inactive, and 
only some activity was recovered in the malate. Active propionate was 
the major volatile end-product of the reaction. In addition, a product , 
not yet identified was formed during the course of the incubation period. : 


Methods 


Strain E-214 of P. pentosaceum, from Dr. C. B. van Neil’s collection, a 
obtained through the courtesy of Dr. E. Delwiche, was used in all experi- 
ments. The organisms were grown in the manner described by Delwiche 


(1). 

For the respiration studies, conventional Warburg methods were used. - 
The exchange reactions were conducted in 250 ml. flasks. Separatory f) 
funnels were fitted into these vessels to permit the additon of reagents g 
during the course of the experiments. Because the reactions were to be t 
carried out at acid pH, and since the solubility of CO: in acid solutions is 
small, the following procedure was adapted in performing the experiments. ti 
After mixing the cell suspension with the appropriate substrate, the re- p 
action vessels were flushed with a mixture of 95 per cent nitrogen and 5 il 


per cent CO, for 10 to 15 minutes. At this point the NaHC“O; solution 
contained in the separatory funnel was added by opening the stop-cock 
and forcefully blowing into the funnel. This procedure assured a satu- 
rated CO: atmosphere in the reaction vessel. 


S 
At the end of the incubation period, the reaction mixture was acidified S 
with 12 N sulfuric acid, and the proteinaceous material removed by cen- I 
trifugation. The supernatant solution containing the water-soluble com- ] 
ponents of the reaction was steam-distilled to remove volatile acids, while é 
the residue was ether-extracted for 24 to 48 hours to remove the dicar- { 


boxylic acids. 
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The steam distillate was neutralized and boiled down to a small volume. 
A portion was then put on a sheet of filter paper and chromatographed, 
with a mixture of propanol, ammonium hydroxide, and water in 6:3:1 
proportions, respectively. After spraying the sheets with brom cresol 
purple, the bands corresponding to acetate and propionate were eluted and 
quantitatively determined by titration with 0.08 Nn NaOH. The identity 
and concentration of these acids were also determined by the partition 
method (4). 

The ether-soluble material was likewise chromatographed according to 
the method of Lugg and Overell (5). The bands corresponding to the 
various compounds were eluted with water and quantitatively determined, 
malate by the method of Korkes and Ochoa (6), fumarate by the pro- 
cedure of Harrison (7), and succinate by the conventional preparation 


TaB.e I 
Stoichiometry of Decarboxylation Reaction 


Total volume of reactants 20 ml. 100 um of succinate, 5 ml. of phosphate buffer, 
pH 5.8 (0.5 m), 500 mg. (wet weight) of cells, distilled water to volume. Anaerobic 
incubation (95 per cent Nz and 5 per cent COz2); temperature, 30°; time, 180 minutes. 











Succinic acid | Propionic acid Acetic acid 
Initial | Final | Tnitial Final Initial Final 
BM uM BM uM BM uM 
100 12 0 74 0 16 








The method used for succinic acid de- 
Propionic acid was degraded according 


from beef heart succinoxidase. 
gradation has been described (8). 
to Polonovski and Lendenberg (9). 

Radioassays were made with a conventional end window Geiger-Miiller 
tube counter connected to a Tracerlab “autoscaler.” Solutions were pi- 
petted on recessed stainless steel disks and counted after drying under an 
infra-red lamp. Appropriate corrections for self-absorption were made. 


EXPERIMENTAL 


Stoichiometry of Decarboxylation Reaction—Propionic acid, CO:, and 
some acetic acid are formed as a result of the anaerobic breakdown of 
succinate at pH ~5.8 (Table I). Values for CO: are not given in this case 
because the reaction was not carried out on the Warburg respirometer. 
However, in a number of manometric experiments it was found that the 
amount of CQO, liberated is equivalent to the amount of propionate 
formed. 

As can be seen from the data in Table I, starting with 100 um of suc- 
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cinate, 12 um are left at the end of the incubation period and 88 um have | prop 
disappeared, thus forming 74 uM of propionate and 16 uM of acetate or a | the | 
total of 90 um of volatile acids. It is, therefore, clear that for each mole- | was 
cule of succinate utilized 1 molecule of volatile acid is formed. aceti 

Reversal of Decarboxylation Reaction—The experiments shown in Table 
II were conducted with carrier succinate, NaHC"“O;, and enzyme. The 
results clearly show that, under the experimental conditions indicated, the 


canes 2 aeRO E 
reaction is apparently reversible. Succinic acid trapped 1100 counts out ps 
of a total of 374,000 c.p.m. of carbonate added. The relatively low ac- |} ume. 


tivity in the succinate can be explained on the assumption that very little | 30°; 
of the carbonate was actually available to the cells, since the reaction 
mixture was quite acid throughout the course of the incubation period. 

















TasLe II — 
Reversal of Decarboxylation Reaction P 
Same conditions as indicated in Table I. Substrate, succinate and NaHC™“O;.* — 
. . ss * 
Products Activity rat oe ae 
for 4 
c.p.m. C.p.m. per uM Pe 
: ‘ puri 
Residual succinate. .................. 1100 
Methylene carbons................. 0 
Carboxyl jae Cre ra stipermr nic rere er 1000 83 
RADI MGEHU oot lc sis. coer afrinc ca ose es 784 
aTDOXVINCATDON 6.65 cee cs dake oon 780 10 T 
Sy Or eT Cnn Tae ~60 pha 
ume 
* Activity of added NaHC™“O; = 374,000 c.p.m. aid 
The specific activity of the isolated propionate was 10 ¢.p.m. per uM, as 
compared with 83 c.p.m. per uM in the succinate, which would be expected | — 
from the well known time function relating specific activity of precursor “i 
to products (10). ea 
In some CO, fixation reactions adenosinetriphosphate (ATP) has been : 


shown to enhance the reversibility (11). With whole cells this could not | ina 
be demonstrated. It is probable that the ATP did not penetrate the cell | con 
wall. isol 
An experiment without substrate, and in the presence of NaHC™O;, 
was also performed. The results were qualitatively identical with those the 
in Table II, indicating major entrapment of NaHCO; carbon in en- : 
dogenously present succinate and propionate. ee 
An attempt was made to obtain active succinate by incubating radio- | . 
active propionate in the presence of inactive CO». The data in Table III 
show the results obtained. It is clear that radioactive propionic acid 


: : : é ; é : the 
yields active succinate. To determine whether the source of radioactive 
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propionate is succinic acid, carboxyl-labeled succinate was incubated in 
the presence of cells and phosphate buffer. Radioactive propionic acid 
was formed (Table IV). Some activity was also present in the recovered 
acetate. 


Tas_e III 
Fization of CH;CH:C“OOH in Succinate by P. pentosaceum 


Total volume of reactants 30 ml. 1.6 gm. (wet weight) of cells, 1 ml. of phos- 
phate buffer, pH 5.8 (0.5 m), 25 ml. of active propionic acid, distilled water to vol- 











ume. Anaerobic incubation (95 per cent Ne and 5 per cent CO2); temperature, 
30°; time, 3 hours. 
Activity in recovered 
Radioactive acid added Activity 
Succinate Propionate 
c.p.m. c.p.m. c.p.m. 
Propionic scid*. . 26... 3000 108 ~2100 








* Active propionic acid was obtained by incubating CO: in the presence of suc- 
cinate and a 20 per cent suspension of P. pentosacewm under anaerobic conditions 
for 3 hours. At the end of the incubation period, the propionate was isolated and 
purified from the reaction mixture by paper chromatography. 


TaB_e IV 
Formation of Radioactive Propionate from Radioactive Succinate 


Total volume of reactants 20 ml. 860 mg. (wet weight) of cells, 1 ml. of phos- 
phate buffer, pH 5.8 (0.5 m), 3 ml. of active succinic acid, distilled water to vol- 











ume. Anaerobic incubation; temperature, 30°; time, 6 hours. 
Activity in products formed 
Substrate Activity 
Propionate Acetate 
c.p.m. c.p.m. c.p.m. 
C“-Succinate*........... 6000 1093 106 








* Radioactive succinate was obtained by incubating C“O:2 in the presence of 
inactive succinate and a 20 per cent suspension of P. pentosaceum under anaerobic 
conditions for 3 hours. At the end of the incubation period, the succinate was 
isolated by ether extraction and purified by paper chromatography. 


To study further the relationship between succinate and propionate, 
the reversibility of the reaction was carried out by adding an excess of 
propionic acid and NaHC"O; in the absence of succinic acid. The results 
are shown in Table V. As would be expected, more succinate was formed 
in the presence of propionate than in its absence. 

In summary, all of the experiments thus far described indicate that 
there is an interconversion of propionate and succinate via a CO, fixation 
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reaction. However, the above data reveal little as to the mechanism of 


oxal 

the reaction. and 
As was mentioned in another section, the radioactive succinate was } cark 
thought to arise from a CO, fixation reaction on pyruvate, thus forming | jn y 
TaBLE V fum 

Formation of Radioactive Succinate from Inactive Propionate and C'4O,* - 

in Absence of Carrier Succinate acti 


Total volume of reactants 30 ml. 860 mg. (wet weight) of cells, 1 ml. of phos- } pou 
phate buffer, pH 5.8 (0.5 m), propionic acid as indicated, distilled water to vol- 
ume. Anaerobic incubation; temperature, 30°; time, 5 hours. 























° ss. | Specific activity 
. Succinate Total activity in| °P® 7 
Substrate Concentration . in formed 
formed formed succinate SUseindta 
mg. uM c.p.m. cC.p.m. per uM 
PLOMIONIC ACI. <. .6 fs ies sa ss 1.62 40 890 22.5 
No propionic acid............ 5 893 178.6 


* NaHCO; = 374,000 c.p.m. 


TaBLe VI 
Distribution of Activity in C4-Dicarboxylic Acids after Incubation with 
C402 
Total volume of reactants 30 ml. The initial concentration of each substrate 
was 100 um. 860 mg. (wet weight) of cells, 1 ml. of phosphate buffer, pH 5.8 (0.5 m), 


distilled water to volume. Anaerobic incubation; temperature, 30°; time, 3 hours. 
Activity of NaHCO; = 374,000 ¢.p.m. 





























Experiment No. Substrates Final activity (initial, 0) Final concentration 
| ee — 
c.p.m. pM 
il Succinate 2120 25 
Fumarate 5 
Malate 180 ] 
2 Succinate 8000 26.5 tic 
Fumarate 0 | 40.3 wa 
3 Succinate 2800 10.6 
Malate 46 56 ex 
ae os be 
Tasie VII pe 
Fization of CO2 in Succinic Acid at Acid and Neutral pH 
Same conditions as in Table I except for differences in pH. Activity of added Sj 
NaHCO; = 374,000 c.p.m. _ 
pH Activity in reisolated succinate tk 
t 
c.p.m. 
5.8 5620 
7.0 1600 d 
iat tn aes b 











XUM 


sm. of 


. Was 
‘ming 


phos- 
0 vol- 


ctivity 
ned 
late 


er MM 
5 
6 


strate 
.O M), 
10Urs, 


tion 


1dded 





XUM 


S. BARBAN AND S. J. AJL 69 


oxalacetate. The latter compound, by successive reduction via malate 
and fumarate, would ultimately yield succinate with radiocarbon in the 
carboxyl groups. To test this hypothesis, experiments were performed 
in which radioactive CO, was incubated in the presence of succinate, 
fumarate, and malate, singly or in combination (Table VI). The results 
are conclusive. There was negligible activity in the fumarate and the 
activity in the malate was much lower than in the succinate. These com- 
pounds then could not be intermediates in succinate formation under our 


go 90 
| | 


SUCCINATE i 


ACTIVITY60 70 





30 SPECIFIC 


0 30 60 MINUTES 120 180 


Fig. 1. Variation in the specific activities of succinate and propionate as a func- 
tion of time. Same conditions as in Table I. The initial activity of NaHCO; 
was 374,000 c.p.m. 


experimental conditions. It is also clear from the data in Table VI that 
both fumarate and malate were metabolized; hence uncertainties due to 
permeability are excluded. 

At pH 7.0, the fixation of CO in succinate is much reduced (Table VII). 
Since Delwiche (1) has shown that at neutral pH succinic acid decarbox- 
ylase is without function, it can be assumed with reasonable certainty 
that the activity in the succinate under these conditions is due primarily 
to a reversal of the reactions discussed in the introduction. 

The close correlation between succinate and propionate is further in- 
dicated in Fig. 1, where the specific activities are plotted against time of 
both succinate and propionic acid. For all periods the specific activity 
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of the propionate is lower than that of succinic acid, as would follow fron, « W 
the well known time function relating specific activity of precursor to wde 
product (10). preci 

Formation of Unknown Compound—During the course of this work, on ecu 
separating and identifying the end-products of this reaction chromato. CO2 
graphically, an unknown band appeared between succinate and malate incu 
spots on partitioning between tert-amyl alcohol, formate, and water (5), mimi 
The compound is acidic and has a high Rr when partitioned in propanol, 1% ® 
ammonium hydroxide, and water mixture. The order of radioactivity of te 
this compound is not very high, usually about one-tenth of the activity NN 
found in the succinate. The identity of the compound is not yet known, Del’ 

Acetic Acid—Small amounts of acetic acid formed in all of our experi- inac 
ments. As already indicated, the activity of acetate is very small. How- Tsu 


cina 

TasiE VIII dea 

Metabolism of 2-C'*-Acetate in Presence of Inactive Succinate and Fumarate was 
by P. pentosaceum under Anaerobiosis — 


Total volume of reactants 30 ml. Each flask contained 64 um of 2-C'4-acetate ~ 
(38,000 c.p.m.), 100 um of carrier, 1 ml. of phosphate buffer, pH 5.8 (0.5 m), 1 gm. littl 




















(wet weight) of cells. Anaerobic incubation; temperature, 25°; time, 5 hours. the 
Experiment No. Substrate Carrier Activity in reisolated carrier sn 
c.p.m. pos 
1 2-C'4-Acetate Succinate 0 ‘on 
> “ce ce ~12 , 
Fumarate ~5 ‘i 
bri 
; : ; pra 
ever, experiments were performed to test whether acetic acid may 
condense back to succinate under our conditions. The results appear to 
be negative (Table VIII). Incubating radioactive acetic acid, with or r 
without external hydrogen donors, resulted in no incorporation of acetate fies 
carbon into succinate. the 


DISCUSSION 


The fact that radioactive succinate is produced when P. pentosaceum 
is incubated in the presence of active carbonate, under anaerobic condi- 
tions, has been known for quite some time (2, 3). It is the mechanism of | 1. 
this COs fixation that was particularly lacking. It is believed that the , 2: 
data presented in this paper throw some light in this direction. The re- 8. 
sults of several experiments strongly suggest that the NaHC™“O,; carbon 


in the succinate entered via the succinic carboxylase enzyme system de- : 
scribed by Delwiche (1). 5. 

The following are the data implicating a direct reversibility among suc- | 6 
cinate, propionate, and COs. - 
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- When succinate is metabolized in the presence of fumarate, and malate 
under an atmosphere of C“Os., only the succinate becomes active. This is 
precisely what would be expected if a direct reversibility of the reaction 
occurs. On the other hand, if the initial reaction is between pyruvate and 
COs, then fumarate and malate should become active in the course of the 
incubation period. This does not occur (Table VI). Further, by deter- 
mining the final concentration of the latter two C,-dicarboxylic acids, it 
is apparent that they were metabolized; therefore, uncertainties in the 
interpretation arising from differential permeability appear excluded. 

NaHCO; carbon trapped in succinate is much reduced at neutral pH. 
Delwiche (1) has shown that at pH 7.0 succinic carboxylase is completely 
inactive. Maximum activity is observed at pH 5.2. On this basis our 
results can be explained as follows: Any activity found in carrier suc- 
cinate, when the reaction is carried out at pH 7.0, is probably due to fixa- 
tion of CO2 on pyruvate forming oxalacetate. The latter compound by 
successive reductions via fumarate and malate would yield active suc- 
cinate. The rate of these interconversions is slow (2, 3) and, consequently, 
little activity is recovered in the succinic acid. However, at acid pH, 
the direct decarboxylation of the succinate is favored, and this, being 
a one-step reaction, would presumably proceed at a much faster rate, thus 
accounting for an increased activity in the C,-dicarboxylic acid. The 
possibility exists that at acid pH both types of reaction mentioned above 
ontribute to the incorporation of CO, into succinate. 

Acetate condensation as a mode of formation of succinate was also 
briefly investigated. Our results were negative. It is probable that the 
proper hydrogen acceptor was lacking for the condensation to occur. 


SUMMARY 


The interconversion between succinate and propionate and C“O, was 
investigated. Evidence has been presented which strongly suggests that 
the following reaction occurs 


CH;CH.COOH + CO. —- COOHCH.CH.COOH 
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STUDIES ON RAT LIVER CHOLINE OXIDASE: 
AN ASSAY METHOD* 


By J. N. WILLIAMS, Jr., GERALD LITWACK, anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, February 19, 1950) 


With the recent observations by Dubnoff (1) and Muntz (2) that chol- 
ine oxidase is necessary for transmethylation reactions from choline, the 
choline oxidase system appears to be an important link in animal metabo- 
lism. In other work the animal choline oxidase activity has been shown 
to be influenced strongly by dietary folic acid (3) and aminopterin (4), 
though not when they are added to the enzyme zn vitro (5). Since vi- 
tamin By appears to be related to methyl group utilization as demon- 
strated by Schaefer e¢ al. (6), it is possible that this vitamin is also related 
to the choline oxidase system. Although some studies have been made 
on the choline oxidase system, no general method for assaying activity of 
this enzyme in whole liver homogenates has been devised. In the present 
paper we wish to present some additional studies made in order to obtain 
a general assay method for the choline oxidase system in rat liver. With 
this method the effects of various nutritional factors on methyl-group 
transfer can be studied. 


EXPERIMENTAL 


In all experimental work presented in this paper, adult male rats of the 
Holtzman strain fed a good stock ration were employed as a source of 
liver for preparing the homogenates. The homogenates were prepared in 
a conventional manner with the Potter-Elvehjem glass homogenizer. In 
all cases 1:6 liver homogenates were prepared in 0.039 m sodium potassium 
phosphate buffer (7) of pH 7.3, unless otherwise stated. Oxidation of 
choline was followed with a circular Warburg bath at 37°. 

Optimum Substrate Concentration—The activities presented in Fig. 1 are 
expressed as microliters of oxygen uptake for the first 10 minute period 
after an initial temperature equilibration period of 10 minutes. Endoge- 
nous respiration of the homogenate without added choline chloride was 
subtracted from the flasks containing substrate. The reason the first 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 
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10 minute oxygen uptake was employed is that the oxidation of cholin 
was maximum during the first 10 minutes and then decreased rapidly wit) 
time, as has been reported by other workers (8). From the results it can 
be observed that the optimum concentration of choline chloride with || 
ml. of a 1:6 rat liver homogenate was 10 mg. per flask. At higher con.’ 
centrations choline chloride appeared to inhibit the enzyme system. From 
the earlier portion of the curve the Michaelis constant (Km) can be ob- 
tained, since a plot of the reciprocal of the activity versus the reciprocal 
of the substrate concentration gives a straight line. If the later portion 
of the curve is also plotted in this manner, the straight line relationship 





oOo @® 
$6 8 9 


MAX. OXID. (ULO, PER IO MINS.) 
Nm 
oO 





(o) 





O 10 20 30 40 50 60 70 80 
CHOLINE CHLORIDE (MGS PER FLASK) 
Fig. 1. Activity of rat liver choline oxidase versus concentration of choline chlo- 


ride. Flask components: 1.0 ml. of 1:6 liver homogenate at pH 7.3, 0.5 ml. of choline 
chloride solution or water in the side arms, and water to make 2 ml. (added to the 








side arms). 0.2 ml. of 10 per cent potassium hydroxide in the center wells. Flasks | 
were equilibrated for 10 minutes and the substrate or water added to the 
homogenate. 


no longer exists, however. The earlier portion of the curve gave a Ky, 


value of 0.0037, which is approximately double that obtained by Eadie 
and Bernheim (9). The reason for this discrepancy is not clear, although 


we used a whole liver homogenate at pH 7.3 and they used a liver residue 


suspension at pH 6.7. 


Effect of pH—In 1938 Bernheim and Bernheim (8) concluded that: in | 


their system choline is oxidized mainly to betaine aldehyde at pH 6.7, 
while at pH 7.8 oxidation to betaine rapidly occurred. We have investi- 
gated the effect of three pH values (pH 6.8, 7.3, and 7.8) on the ability of 
whole rat liver homogenates to oxidize choline. In our system no signi- 
ficant differences between the activities at the three pH values were ob- 
served. The systems employed contained 1.0 ml. of 1:6 liver homogenate, 
0.5 ml. of 2 per cent choline chloride or water in the side arms, and extra 
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water! to make 2.0 ml. in the flasks. In addition, 0.2 ml. of 10 per cent 
potassium hydroxide was added to the center wells. The maximum 10 
minute activities at the pH values studied were as follows: pH 6.8, 76 ul. 
of O2; pH 7.3, 76 ul. of O2; and pH 7.8, 80 ul. of Oz per 10 minutes per 
167 mg. of liver. The main difference between the oxidation of choline 
obtained at the three pH values was that both pH 6.8 and 7.8 homogenates 
gave sigmoidal curves if allowed to run for 2 hours, while the pH 7.3 ho- 
mogenates gave maximum activity during the first 10 minute period, with 
a gradual decrease in activity thereafter. The maximum activity at pH 
6.8 and 7.8, however, while occurring later than at pH 7.3, was the same 
as the first 10 minute value at pH 7.3. Therefore, it appears that if two 
enzyme systems are involved, one most active at pH 6.7 and the other 
most active at pH 7.8, the over-all activity in whole rat liver homogenates 
is the same for the pH values we have employed. 

Effect of Incubating or Aging Homogenate—Since at pH 7.3 the activity 
of the choline oxidase system in whole rat liver homogenates decreased 
rapidly and since at the other pH values studied, pH 6.8 and 7.3, a sig- 
moidal curve with eventual cessation of activity after 2 hours occurred, 
an investigation of these effects was made. It appeared that three pos- 
sibilities existed which might explain the decrease in activity: (1) inactiva- 
tion of the enzyme protein by denaturation, (2) inhibition of the enzyme 
by product formation, and (3) destruction of coenzymes. In these studies 
homogenates at three pH values were again employed to observe whether 
pH affected the rate of loss of choline oxidase activity. Duplicate sets of 
flasks were set up. In one set choline chloride or water was added from 
the side arm after a 10 minute temperature equilibration period, and in 
the other set the choline chloride or water was added after 60 minutes of 
incubating the homogenate alone. Typical curves from these experiments 
are presented in Fig. 2. Here at pH 6.8 and 7.8 the sigmoidal curves 
mentioned earlier can be observed. The best 10 minute oxygen uptakes 
for each curve are given in Fig. 2. One may conclude from these curves 
that some loss in activity was encountered from the incubation procedure 
alone, since in every case the best 10 minute oxidation was lower after 
incubation without substrate than before. Either denaturative inactiva- 
tion or destruction of coenzymes might explain this decrease. At pH 6.8 
and 7.8, however, the maximum activity in the flasks containing substrate 
from the beginning occurred very near the 60 minute point, while at pH 
7.3 the maximum activity occurred during the first 10 minute period. In 
every case the oxidation by the homogenate incubated for 60 minutes 
without substrate lost activity at a faster rate than if the substrate was 


1 The extra water was always added to the side arms. 
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added at the beginning. It appears then that the substrate protects the 
enzyme system, particularly at pH 6.8 and 7.8. At all pH values, however, 
the oxidation began to decrease almost immediately after the maximum 


oxidation had occurred. This can possibly be explained on the basis of | 


product inhibition. 
The effect of homogenate aging upon the choline oxidase activity of rat 
liver homogenates was next studied. Under these conditions a good chance 


for coenzyme destruction was allowed, especially if dealing with a labile | 


coenzyme such as diphosphopyridine nucleotide (DPN) (10). Rat liver 
homogenates were prepared at pH 6.8, 7.3, and 7.8 and allowed to stand 
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Fic. 2. The effect of incubation of homogenate for 60 minutes upon choline oxi- 
dase activity. Flask components: 1.0 ml. of 1:6 homogenate at the appropriate pH, 
0.5 ml. of 2 per cent choline chloride or water in the side arms, and water to make 
2 ml. (added to the side arms), 0.2 ml. of 10 per cent potassium hydroxide in the 
center wells. For Curves 1, substrate or water was added after 10 minutes equili- 
bration; for Curves 2, substrate or water was added after 60 minutes incubation 


of homogenate. The maximum 10 minute activity of Curve 1 at pH 6.8 = 85 ul. 
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of O2 and of Curve 2, 76 ul. of O2; of Curve 1 at pH 7.3, 80 wl. of Oz, and of Curve | 


2, 66 wl. of Ov; of Curve 1 at pH 7.8, 85 ul. of Ox, and of Curve 2, 78 ul. of Ox. 


at 5°. At various time intervals portions were removed from the stock 
homogenates and choline oxidase activities determined. The pH had very 
little effect upon decrease in activity with aging, the activity falling to 
about one-half normal in 11 days of aging. Addition of DPN to the aged 
homogenates had no effect upon the choline oxidase activity. 

From these results it appears that all three possibilities listed earlier 
play a part in decreasing the enzyme activity, though the particular effects 
of enzyme denaturation and coenzyme destruction cannot be differentiated 
at this point. 

Product Inhibition—Since oxidation of choline in rat liver homogenates 
proceeds first to betaine aldehyde which is then oxidized to betaine, it 
was of importance to investigate the difference in rates of reaction of 
choline oxidase and betaine aldehyde oxidase in the pH 7.3 homogenate. 
If the rate of oxidation of betaine aldehyde to betaine were slower than the 














rate 
decre 
orde! 
the 1 
101 
neut 
choli 
time 
addi 
chol 
beta 
for - 
end 
79, 
per 
tion 
oxic 
the 
for 
to | 
up 
sive 
ald 
to 
ap] 
it 
fier 
hy 
ch 
wk 
ex) 
al 
hy 
ex 
ta 
of 


OX 


th 
th 
of 


3 the 
ever, 
mum 
is of 


f rat 
ance 
abile 
liver 
tand 


- Oxi- 
pH, 
nake 
1 the 
juili- 
ition 
5 pl, 
urve 


tock 
very 
x to 


wed 


rlier 
ects 
ited 


ates 
, It 
. of 
ate. 
the 





Vile 


WILLIAMS, LITWACK, AND ELVEHJEM 77 


rate of oxidation of choline to betaine aldehyde, this could explain the 
decrease in activity with time when choline was used as substrate. In 
order to test this concept, betaine aldehyde was prepared according to 
the method of Voet (11) and betaine aldehyde oxidase was assayed with 
1.0 ml. of a 16.7 per cent rat liver homogenate and 0.5 ml. of 2 per cent 
neutralized betaine aldehyde or water in the side arm as before. Normal 
choline oxidase activity of the homogenate was measured at the same 
time with 2 per cent choline chloride in place of the betaine aldehyde. In 
addition, the effect of adding betaine aldehyde to the system oxidizing 
choline was studied by placing 0.5 ml. of 2 per cent choline chloride and 
betaine aldehyde together in the side arm. The flasks were equilibrated 
for 10 minutes, the substrates added, and oxygen uptake measured at the 
end of 10 minutes. The results are summarized as follows: choline alone 
79, betaine aldehyde alone 13, choline plus betaine aldehyde, 42 ul. of O, 
per 10 minutes per 167 mg. of liver. Therefore, it appears that the oxida- 
tion of betaine aldehyde to betaine occurs at a much slower rate than the 
oxidation of choline alone. Moreover, betaine aldehyde appears to inhibit 
the oxidation of choline. These effects might easily explain why the curve 
for choline oxidation rapidly decreases with time. As choline is oxidized 
to betaine aldehyde, the concentration of the aldehyde is gradually built 
up because of its slower rate of oxidation and therefore inhibits progres- 
sively the oxidation of more choline. The effect of the inhibition by the 
aldehyde may be due either to the reversible nature of choline oxidase or 
to a direct inhibition of the choline oxidase by the aldehyde. It would 
appear possible that the betaine aldehyde could be removed as soon as 
it is formed by adding an aldehyde-binding reagent. However, the dif- 
ficulty arises that all of the aldehyde-binding reagents tested, 7.e. phenyl- 
hydrazine, semicarbazide, and sodium cyanide, also irreversibly inhibit the 
choline oxidase enzyme. 

The effect of betaine upon choline oxidation was also studied to observe 
whether betaine as well as the aldehyde also inhibits choline oxidase. An 
experiment similar to that outlined above for studying the effect of betaine 
aldehyde upon choline oxidation was set up in which neutralized betaine 
hydrochloride was substituted for betaine aldehyde. The results of an 
experiment of this type are summarized as follows: choline alone 81, be- 
taine alone 0, choline plus betaine, 82 ul. of O2 per 10 minutes per 167 mg. 
of liver. Therefore, while betaine aldehyde is a potent inhibitor of choline 
oxidase, betaine has no effect upon the oxidation of choline. 

If the oxidation of choline is linear over the first 10 minute period when 
the amounts of betaine aldehyde formed are very small, one can conclude 
that the first 10 minute interval of choline oxidation is an accurate measure 
of the oxidation of choline to betaine aldehyde without the inhibitory 
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effects of the aldehyde coming into play. This was checked by measuring 
choline oxidation at 1 minute intervals until the curve began to level off, 
The normal system of 1.0 ml. of 16.7 per cent homogenate with 0.5 ml, 
of 2 per cent choline chloride or water in the side arm plus additional water 
to make 2.0 ml. was employed. The results of a typical experiment of 
this type, shown in Fig. 3, demonstrate that for the first 10 to 12 minutes 
oxidation of choline proceeds linearly and that, as betaine aldehyde con- 
centrations are built up, the rate of choline oxidation gradually decreases, 
Therefore, it is safe to assume that the first 10 minute interval can be 
used as a measure of choline oxidase activity without interference from 
the inhibitory action of betaine aldehyde or its slower rate of oxidation, 
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Fia. 3. The early rate of choline oxidation measured at 1 minute intervals 


Additional Cofactors; Cytochrome c—Since it is believed that hydrogen 
is transferred from the choline oxidase system to the cytochrome oxidase 
system (12), the requirement for additional cytochrome c was investigated. 
It was impossible to detect any requirement of the system for added cyto- 
chrome c at any of the pH values employed. It is probable that the cyto- 
chrome c requirement of the choline oxidase-cytochrome oxidase system 
is met by the cytochrome c already present in the liver homogenate. 

Diphosphopyridine Nucleotide—In 1942 Klein and Handler (13), using 
washed liver residue suspensions, concluded that the betaine aldehyde oxi- 
dase system required DPN, while the system oxidizing choline to betaine 
aldehyde did not. We have investigated the DPN requirement of the 
choline oxidase system in whole liver homogenates from two view-points: 
(1) the effect of DPN on activity of the fresh homogenates at three pH 
values (pH 6.8, 7.3, and 7.8) and (2) the effect of DPN on activity of incu- 
bated or aged homogenates in which it is assumed that much of the endoge- 
nous DPN would be destroyed by liver nucleotidases and nucleosidases. 
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First the effect of niacinamide alone was determined to observe whether 


_ endogenous DPN could be protected enough by added niacinamide to pre- 


vent the decrease in activity of choline oxidase with time, assuming of 
course that destruction of endogenous DPN was the cause of the loss in 
activity. The results indicated that niacinamide itself strongly inhibits 
choline oxidase activity under all the conditions studied. 

The effect of DPN addition was next investigated. The results indi- 
cated that the inhibition by niacinamide was not competitive in nature, 
since increasing the level of DPN did not reverse the inhibition but rather 
increased it. Moreover, DPN alone inhibited activity. If the added DPN 
reversed the niacinamide inhibition, one could conclude that the niacina- 
mide inhibition was competitive in nature, as Feigelson, Williams, and 
Elvehjem have recently pointed out (14). 

Final Assay System—The optimum system for measuring choline oxi- 
dase activity is 1 ml. of a 1:6 rat liver homogenate in 0.039 m sodium 
potassium phosphate buffer (pH 7.3), 0.5 ml. of 2 per cent choline chloride 
or 0.5 ml. of water in the side arms, 0.5 ml. of water additional in each 
side arm, and 0.2 ml. of 10 per cent potassium hydroxide in the center 
well. The flasks should be prepared and kept in cracked ice before pre- 
paring and adding the homogenate. 

The liver choline oxidase activities we have obtained with this system 
for a series of stock, male rats are 76, 75, 77, 75, 75, 77, 77, 80, with an 
average of 76.5 wl. of O2 per 10 minutes per 167 mg. of liver. It can be 
observed that rat liver choline oxidase activity is remarkably constant for 
comparable animals. Although we have never obtained a sigmoidal ac- 
tivity curve at pH 7.3 in the animals we have employed, it is best to con- 
tinue the oxygen uptake readings at 10 minute intervals until the maximum 
activity has been reached and the maximum 10 minute oxidation employed 
for the choline oxidase activity. 


SUMMARY 


1. The requirements of the rat liver choline oxidase system in whole 
liver homogenates have been studied and it is concluded that for adequate 
assay no additional cofactors are necessary. 

2. The best assay system has been reported and values for normal rat 
liver with this system have been given. 
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FURTHER STUDIES ON CHOLINE OXIDASE FACTORS* 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, April 9, 1951) 


In an earlier report by the author (1) evidence was presented demon- 
strating a positive connection between the choline oxidase system of rat 
liver and the probable precursors of the Leuconostoc citrovorum factor (LCF) 
as well as LCF itself. It was shown that if folic acid and ascorbic acid 
are incubated with rat liver homogenate small but significant stimulation 
of ability of the homogenate to oxidize choline was observed. This effect 
was more pronounced if the rats were fed aminopterin than if they were 
fed a normal synthetic ration. Since aminopterin is believed to inhibit 
the conversion of folic acid to LCF, it appeared that the stimulatory effect 
of the folic acid and ascorbic acid added in vitro was due to the enzymatic 
conversion of those substances to LCF, which was actually responsible 
for stimulation of the enzyme system. It had been shown previously by 
Nichol and Welch (2, 3) that, when folic acid and ascorbic acid are incu- 
bated with rat liver, a rise in LCF occurs and that this reaction is inhibited 
by aminopterin in vitro. 

In an investigation of the effect of homocysteine, which is a methyl 
group acceptor (4, 5), upon the oxidation of choline, it was observed that 
the effects reported in the previous paper (1) were very markedly amplified 
if homocysteine was included in the reaction mixture. Moreover, some 
if the effects considered insignificant in the earlier paper were so enhanced 
by addition of homocysteine that they were further investigated. In addi- 
tion, various combinations of factors related to LCF, e.g. folic acid, ascorbic 
acid, vitamin Bye, and synthetic LCF itself, were studied in relation to cho- 
line oxidase activity by the modified system with added homocysteine. 


EXPERIMENTAL 


Two groups of twelve adult male rats of the Holtzman strain, weighing 
250 to 300 gm., were employed as experimental animals. One group was 
ied a good basal synthetic ration containing 18 per cent casein, as pre- 
viously described (1), and the other group was fed the same ration with 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
veriment Station. Supported in part by a grant from the Research Committee of 


the Graduate School from funds supplied by the Wisconsin Alumni Research 
foundation. 
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4 mg. of aminopterin! per kilo of ration. The animals fed aminopterin 
developed marked symptoms, such as bleeding around the mouth and 
eyes, emaciation, and rapid death after onset of symptoms, which occurred 
within about 10 days. Therefore, they were used in the enzyme expeti- 
ments immediately after the first noticeable symptoms developed. 

After the animals were sacrificed by decapitation, the livers were re. 
moved, chilled, and homogenized in 5 parts of 0.039 m sodium potassium 
phosphate buffer. The homogenate was strained through gauze and 1.0 ni, 
pipetted into prepared Warburg vessels. The flasks were prepared for cho- 
line oxidase determinations by essentially the system described by Williams, 
Litwack, and Elvehjem (6) with some modifications to suit the purpose of 
the experiment. Double side-armed flasks were employed, one side arm 
containing 0.5 ml. of 4 per cent choline chloride or water and 0.5 ml. of 
0.4 per cent pt-homocysteine (General Biochemicals, Inc.). The other 
side arm contained the substances whose effects upon choline oxidase ac- 
tivity were to be studied or water in the case of the controls. The sub- 
stances added to the second side arm were added at the following levels: 
folic acid, 32 y; LCF! (leucovorin, Lederle), 32 y; vitamin By: (cobione 
Merck), 1.5 y; ascorbic acid, 2000 y; a combination of 32 y of folie acid 
and 2000 y of ascorbic acid; a combination of 32 y of LCF and 2000 y o 
ascorbic acid; a combination of 32 y of folic acid, 2000 y of ascorbic acid 
and 1.5 y of vitamin B,.; and a combination of 32 y of LCF, 2000 y oi 
ascorbic acid, and 1.5 y of vitamin By. Water was added to the second 
side arm to bring the volume to 0.5 ml. After temperature equilibrium 
at 37° had been reached (10 minutes) in a conventional Warburg appa- 
ratus, the contents of the second side arm were added to the homogenate 
and the mixture incubated for 30 minutes. Then choline or water from 
the second side arm was added, the stop-cocks closed, and oxidation 0 
the choline read after 10, 30, 90, and 150 minutes. Similar series of ex- 
periments were carried out on both the normal and aminopterin-fed rats 

The results of the experiments are mainly presented in Table I, although 
the oxidation of choline in the control flasks and that in the flasks showing 
the greatest stimulation of choline oxidase is presented graphically in Fig. | 
in order to demonstrate the type of choline oxidation curves obtained 
As shown in Fig. J, the oxidation of choline proceeds at a rapid rate ai 
first and then gradually levels off. It can be observed that the activity 
of liver choline oxidase of the normal rats is much greater than that ¢ 
the rats fed aminopterin, as had been observed earlier (1, 7). The greates 

1The author wishes to express his gratitude to Dr. J. J. Oleson and Dr. Harry ! 
Broguist of the Lederle Laboratories Division, American Cyanamid Company 
Pear] River, New York, for the generous supplies of aminopterin and synthetic L 
citrovorum factor Geucovorin, Lederle), respectively. 
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TaBLeE I 


Effect of Folic Acid, L. citrovorum Factor, Vitamin Bie, and Ascorbic Acid on 
Oxidation of Choline after 150 Minutes by Rat Liver in Vitro 


Rats fed normal rations Rats fed aminopterin 





Substance added in vitro Oxygen Oxygen 
uptake Stimulation uptake Stimulation 
due to of oxidation dueto of oxidation 
choline choline 


phx per cent sh Os per cent of 


| of control control 
RS Lavette ds rye Tes ea 142 
PONG HOMO Cie osirccs, cis) eee to peak Oe Bites 505 +29 206 +45 
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Vitamin Bis....... Space tind eine Sal en to ee 393 | 0 219 +54 
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Folic acid + ascorbic acid...... é 649 +66 485 +242 
PACE BAGONG ACNE: oss Soi ie ees 634 +62 510 +260 
Folic acid + ascorbic acid + vitamin Bi. . 654 +67 545 +285 





LCF + ascorbic acid + vitamin By2...... 613 +57 539 +280 
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Fic. 1. Rate of choline oxidation in control flasks with no addition except homo- 
cysteine (Curves II and II’) and in flasks containing folie acid, vitamin B,2, ascorbic 
acid, and homocysteine (Curves I and I’), showing the combination of added factors 
which gives maximum stimulation. 


stimulation of choline oxidation observed in both normal and aminopterin- 
fed rats was obtained with a combination of folic acid, vitamin By, and 
ascorbic acid. 

In Table I a direct comparison is presented of the effect of the various 
substances added on choline oxidation. The total oxidation due to added 
choline is presented as well as the stimulation as per cent of the control, 
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with no added stimulator after 150 minutes. In every case the per cent 
of stimulation over the control is much higher for the rats fed aminopterin | 
than for the normal rats. In fact the choline oxidase activity of the rats 
fed aminopterin tends to approach the higher activities observed for livers 
of the normal rats when the stimulators are added. An interesting feature 
of these results is that ascorbic acid alone markedly stimulates the choline 
oxidase of both groups of rats, though the degree of stimulation is much 
greater for the rats fed aminopterin. Data are being accumulated at pres- 
ent, and will be published shortly, indicating that the endogenous level 
of ascorbic acid in normal rat liver is several times higher than that in 
rats fed aminopterin. Therefore, saturation levels for liver ascorbic acid 
would be more easily approached in the normal rat than in those fed 
aminopterin. Another interesting aspect of the results is that folic acid 
stimulates normal rat liver choline oxidase markedly, although LCF and 
vitamin B;2 have no demonstrable effect. However, LCF and vitamin By, 
do stimulate choline oxidation in livers of the rats fed aminopterin, in- 
dicating that the link between folic acid, LCF, vitamin By, and ascorbic 
acid is blocked by the dietary aminopterin. Presumably this occurs in 
the conversion of folic acid to LCF, which consequently may become a 
part of a coenzyme. The greater effect of folic acid than of LCF in both 
groups of animals may reflect a more efficient and enzyme-protected con- 
version of folic acid to a coenzyme than if the relatively unstable inter- 
mediate (LCF) is added directly to the homogenate. It must be empha- 
sized that the results presented here have been observed in vitro and that, 
while the same qualitative interrelationships may occur in vivo, the quan- 
titative effects may be quite different (8). 

The effects of folic acid and aminopterin upon in vitro enzyme systems 
previously reported (9-14), in which the effects were mainly inhibitory 
rather than stimulatory, are probably quite different from those of the 
present paper. Those results arose from the inhibition of purine cata- 
bolism by a direct inhibition of the xanthine oxidase system, while the 
present results deal with a direct stimulation of an enzyme system impor- 
tant in anabolic processes. 
























SUMMARY 


Folic acid, Leuconostoc citrovorum factor, vitamin By, and ascorbic acid 
singly and in combination markedly stimulate choline oxidation in liver 
homogenates of rats fed aminopterin. In normal rat liver homogenates 
only folic acid and ascorbic acid stimulate choline oxidation. The degree 
of stimulation by these factors is much more marked in aminopterin-fed 
rats than in normal rats. The results indicate that folic acid or LCF, 
vitamin By,2, and ascorbic acid are important in maintaining choline oxi- 
dase. Possible mechanisms of these actions have been discussed. 
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PURIFICATION OF YEAST INORGANIC PYROPHOSPHATASE 


By LEON A. HEPPEL anp R. J. HILMOE 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, March 12, 1951) 


An enzyme which hydrolyzes inorganic pyrophosphate (PP) to ortho- 
phosphate (ortho P) was demonstrated by Lohmann (1) in muscle. Bauer 
(2) found that autolysates of slowly dried bottom yeast were a rich source 
of inorganic pyrophosphatase and were free of adenosinetriphosphatase 
(ATPase) activity. An important contribution was made by Bailey and 
Webb (3) who accomplished an extensive purification of the enzyme from 
autolysates of fresh bakers’ yeast and carried out detailed studies of the 
effects of substrate concentration, pH, metal ions, and inhibitors. Be- 
cause of its high substrate affinity and great specificity, purified yeast 
inorganic pyrophosphatase could be used to demonstrate the accumulation 
of PP in samples of ATP and adenosinediphosphate (ADP) stored for 
long periods of time (4). 

Recently, interest in PP has been stimulated by Kornberg’s finding that 
it is produced in the reversible synthesis of diphosphopyridine nucleotide 
from ATP and nicotinamide mononucleotide (5). Also, the splitting of 
PP from ATP has been demonstrated in bone (6), venom (6, 7), bull 
seminal plasma,! and kidney extracts.!. For such studies inorganic pyro- 
phosphatase is a useful tool, particularly since the purified yeast enzyme 
is quite stable (4). Unfortunately the procedure of Bailey and Webb is 
rather cumbersome, and we experienced great difficulty in attempting to 
remove ATPase activity from autolysates of locally available yeast. 

In the present investigation, a simple method was developed for ob- 
taining yeast inorganic pyrophosphatase 10 times more active on the basis 
of protein than the best preparation of Bailey and Webb. Certain aspects 
of metal activation and substrate inhibition have been clarified, and some 
comparative observations on an inorganic pyrophosphatase which occurs 
in bull semen are recorded. 


Methods 


Materials—Sodium pyrophosphate (Merck, reagent grade), sodium tri- 
phosphate (Monsanto), thiamine pyrophosphate (Merck), sodium {-glyc- 
erophosphate (Eastman Kodak), adenosine-5’-phosphate (Sigma), and 
ADP (Sigma) were used without further purification. ATP (Sigma) was 


' This will be the subject of a subsequent report. 
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tested as purchased and also after being subjected to chromatography on 
a Dowex-1 column (8). Diphosphopyridine nucleotide, 78 per cent pure, 
and sodium hexametaphosphate were kindly furnished by Dr. A. Kornberg, 

Determinations—Assay for inorganic pyrophosphatase activity was carried 
out essentially as described by Bailey and Webb (3). An incubation vol- 
ume of 1.3 ml. usually contained 1.16 ml. of M/35 veronal-acetate buffer, 
pH 7.2 (9), 0.05 ml. of 0.1 m MgCle, 0.05 ml. of 0.01 m sodium pyrophos. 
phate, and 0.04 ml. of enzyme solution. After 15 minutes at 37° the 
reaction was stopped by addition of trichloroacetic acid, and aliquots wer 
analyzed for ortho P by the method of Lowry and Lopez (10). For sam- 
ples containing large concentrations of PP, MgCl», or CaCls, the procedure 
of Fiske and Subbarow (11) was used because it is less sensitive to inter. 
ference by these agents. Protein was routinely determined by a colori 
metric procedure (12) and the values were occasionally checked turbidi- 
metrically (13) or by micro-Kjeldahl analysis. 

Specific activity is expressed as micromoles of ortho P liberated pa 
hour per mg. of protein. Our values must be multiplied by 0.097 in order 
to be compared with those of Bailey and Webb. 


Results 
Purification of Enzyme 


Purification Procedure—This included the following steps: (1) extraction 
and ammonium sulfate fractionation, (2) ethanol fractionation, and (3) 
adsorption on aluminum hydroxide gel Cy and selective elution (Table I), 

Extraction and Ammonium Sulfate Fractionation—Bakers’ yeast (Fleisch- 
mann) was crumbled and dried in a 0.5 inch layer at 22-25° for several 
days. A mixture of 700 gm. of yeast and 2100 ml. of 0.1 Mm NaHCO; was 
incubated for 13 hours at 34°. Table II shows the advantage of this 
procedure over toluene autolysis of a suspension of fresh yeast (3).? It 
was cooled to 2° and diluted to 6300 ml. with cold distilled water, followed 
by 1833 gm. of ammonium sulfate. The mixture was filtered overnight 
at 2° through fluted paper (Schleicher and Schuell No. 588). To 5460 ml.| 
of filtrate were added 868 gm. of ammonium sulfate. This was filtered| 
through a single 50 cm. fluted paper with an arrangement for automatic 
refilling. Moistened papers were laid over the filter funnel to prevent 
drying of the precipitate during the filtration. The precipitate was scraped 
from the paper and dissolved with water to a volume of 180 ml. The 





solution was dialyzed against running distilled water for 6 hours at a 


2A more alkaline medium, such as 0.2 mM Na2COs, gave still better results, but we 
could not fractionate such extracts successfully. 
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A precipitate which developed was removed by centrifugation. The vol- 
ume of supernatant was 220 ml.’ 
Ethanol Fractionation—To 72 ml. of supernatant were added 20.9 ml. 























Tasie | 
Purification of Inorganic Pyrophosphatase from Dried Bakers’ Yeast 
Step Total units Volume Specific activity 
mi a 
Autolysate* 17,200,000 450 
1 Ammonium sulfate 15,800,000 220 1,200 
2 Alcohol fraction 4,000,000 107 43,500 
3 Alumina Cy eluate 3,200,000 107 86,000 
* See Table II. 
Tasie II 


Comparison of Different Methods for Extracting Inorganic Pyrophosphatase from 
Bakers’ Yeast 

Activity units have been expressed as micromoles of ortho P formed per hour 
under the standard test conditions. Specific activity is defined as units per mg. of 
protein. All figures for ‘“‘Total units extracted’? refer to the same quantity of 
yeast; namely, 700 gm. of dry weight, equivalent to 2500 gm. of fresh wet weight. 
Autolysates of dried yeast were centrifuged and washed twice with water, after 
which the supernatant and washings were combined. 





: Total units . + 
Method of extraction extracted Specific activity 





Toluene autolysis of suspension of fresh yeast 
(Bailey and’ Webb (8) )s.: 5 casacdecadanccccssees 5,500, 000* 73* 
Autolysis of dried yeast with 2100 ml. 0.1 m 








NamiCOs for 13 bras .ab:86° eck.) nese vaveccnces 17,200,000 450 
Autolysis of dried yeast with 2100 ml. 0.1 a sodium | 

pyrophosphate for 6 hrs. at 37°. ............... | 33,400,000 | 490 
Autolysis of dried yeast with 2100 ml. 0.2 m Na:CO; | 

COPS His Attar. he ek ce Vs Sees bi Sa eta | 47,700,000 | 830 





* These results are found to be in excellent agreement with those of Bailey and 
Webb (3) when converted into their set of units. 


of 2 M acetate buffer, pH 6.0. The solution was placed in a beaker im- 
mersed in a bath at —10° and, with mechanical stirring, 77 ml. of absolute 


*The purity of this fraction can be raised to 2500 units per mg. of protein by 
gentle agitation with 0.01 volume of chloroform at 2° for 16 hours. No destruction 
of inorganic pyrophosphatase occurs and a bulky inert precipitate is removed by 
centrifugation. In this manner a highly specific and stable enzymatic reagent for 
PP is readily prepared. 
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alcohol, also at —10°, were added from a separatory funnel. The first 
10 ml. were introduced in 2 minutes; then the rate of flow was sharply 
reduced so that approximately 30 minutes were needed for completion. 
The mixture was centrifuged for 3 minutes at 13,000 X g in a Servall 
type SS-1 centrifuge kept in a room at —10°. The precipitate was dis- 
carded. In a similar manner, 75 mé..of alkeohol.wzere added to the super- 
natant, and a second precipitate :avas removed by centrifugation. The 
supernatant was cooled to —21° and 87 ml. of alcohol were added over a 
5 minute period. The mixture was kept at this low temperature for 10 
minutes and centrifuged as before. The supernatant was discarded and 
the plastic tubes containing a small amount of pink precipitate were al- 
lowed to drain for several minutes in the —10° room. The precipitate 
was dissolved by adding 7 ml. of 0.1 M acetate, adjusted to pH 7, and water 
up to 35 ml. The step required very little attention and it was easily 
possible to fractionate several lots simultaneously. 

Aluminum Hydroxide Adsorption—To 107 ml. of the alcohol fraction 
(three batches) was added sufficient aged aluminum hydroxide gel Cy (3 
mg. of solids per ml. (14)) to adsorb 90 to 98 per cent of the inorganic 
pyrophosphatase activity. After centrifugation and removal of the super- 
natant, the precipitate was treated with 107 ml. of 0.001 m pyrophosphate, 
adjusted to pH 7.2. The eluate was colorless. By slow addition of am- 
monium sulfate to the eluate, regular spheroids were obtained, but no 
crystals.* 


Properties of Yeast Inorganic Pyrophosphatase 


Stability—The ammonium sulfate fraction (Step 1, Table I) has been 
stored for 9 months at —10° with no detectable loss of activity. The gel 
eluate was stable for several weeks under these conditions, and in 0.6 
saturated ammonium sulfate solution the purified enzyme could be kept 
for 6 months at —8° with no deterioration. Alcohol fractions have been 
stored in the frozen state for a week before proceeding to the last step. 

Other Phosphatase Activities—There was no splitting of the following 
compounds even with the relatively impure ammonium sulfate fraction 
(Step 1, Table I): ATP, ADP, adenosine-5’-phosphate, diphosphopyridine 
nucleotide, thiamine pyrophosphate, sodium metaphosphate, sodium tri- 
phosphate, and sodium #-glycerophosphate. The rates of reaction were 
less than 1/2000 of that observed with PP. 

Inhibition by Increased Substrate—Bailey and Webb (3) observed that 
inorganic pyrophosphatase activity decreased when the concentration of 
PP exceeded 0.004 m, and this could not be overcome by raising the con- 
centration of the activator, MgCl., from 0.004 to 0.04 m. They postulated 


* Kunitz has recently reported the crystallization of this enzyme (15). 
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a specific inhibition of the enzyme by excess substrate rather than by a 
substrate-MgCl. combination. 

Although we have confirmed these observations, the experiments with 
these high levels of both substrate and magnesium were unsatisfactory. 
Gross precipitation of magnesium pyrophosphate in the incubation tubes 
led to adsorption or inactivation of the enzyme. It was found that 0.008 m 
PP in the presence of 0.004 m MgCl. gave an inhibition of 12 per cent, 
compared with the rate observed with 0.0004 m PP. With 0.04 m MgCl, 
and 0.008 m PP there was turbidity and the inhibition was 62 per cent. 


TaBLeE III 


Inhibition of Yeast Inorganic Pyrophosphatase by Increased Substrate 
and by Metaphosphate 
Incubation was at 37° for 15 minutes. The tubes contained 4 X 107? m MgCla, 
sodium pyrophosphate, and sodium metaphosphate in the final concentrations 
shown below, 0.01 y of purified enzyme (Q = 84,000), and 1.12 to 1.17 ml. of veronal- 
acetate buffer, pH 7.2 (8). Total volume, 1.3 ml. Stock solutions of all salts were 
adjusted to pH 7.2 before use. 











Pyrophosphate Metaphosphate Inhibition 
Mu M | per cent 
4 xX 0* | 0 
6 xX 1073 3 
7.7 X 1073 12 
1 xX 107 | 38 
3 X10? | 100 
4 x 10-4 | 0 
4 x 10-4 1.5 X 107? 10 
4 xX 10-4 2.3 X 107 | 52 
4 x10" 3.0 X 107? | 79 
4  <i10-° 6.0 X 10-7? 100 





\ concentration of 0.04 mM MgCly was not by itself inhibitory when the 
level of PP was 0.0004 m. 

Metaphosphate was then investigated because it also forms a firm com- 
plex with magnesium, but is not acted upon by yeast inorganic pyrophos- 
phatase. Table III indicates that metaphosphate inhibited in about the 
same range of concentration as pyrophosphate. It would appear reason- 
able, then, to attribute the inhibition by high concentrations of PP to 
magnesium binding. 

Magnesium Activation of Yeast Inorganic Pyrophosphatase—It has been 
reported for several enzymes, including a brain phosphatase (16), that 
maximal activation by magnesium required a rather long preincubation 
with the enzyme prior to substrate addition. With yeast inorganic pyro- 
phosphatase, preincubation for 4 hours at 37° was no more effective than 
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Fig. 1. Effect of added MgCl: on inorganic pyrophosphatase of bull seminal 

plasma. The enzyme preparation was a dialyzed ammonium sulfate fraction. In. 

cubation was for 25 minutes at 37°. Total volume, 1.3 ml.; 0.1 ml. of m glycine 
buffer, pH 8.6, 250 y of enzyme, MgCl2, and sodium pyrophosphate as indicated. 


TasBLe IV 


Effect of Pyrophosphate, Magnesium, and Calcium on Activity of Bull Semen 
Inorganic Pyrophosphatase 


The experimental incubation mixture (1.3 ml.) contained 100 um of glycine but: 
fer, pH 8.6, 500 y of seminal plasma protein (Experiment 1) or 250 y of a dialyzed 
ammonium sulfate fraction (Experiment 2), and other additions in the final concen- 
trations shown below. After 25 minutes at 37°, 0.14 ml. of 3 m trichloroacetic acii 
was added and protein was removed by centrifugation. Solutions of sodium pyro- 
phosphate were first adjusted to pH 8.6. The maximal rate in the absence of added 
MgCl, is taken as 100. Ammonium sulfate fractionation gave a 2-fold purification 
of the activity. 


























— Pyrophosphate MgCle CaCle Relative reaction rate 

; M M M 

1 2.3 X 10-4 95 

3.8 X 10-4 100 

7.7 X 10-4 100 

15.4 X 10-4 102 

2.3 X 10-4 tat 10 10 

15.4 X 10-4 tek ee 120 

2 3.8 X 1074 100 

6.7 X 10-3 94 

1.0 X 10°? 93 

3.8 X 10-¢ Ld Xie" 34 

6.7 X 10-3 4 -Kag- 100 

3.8 X 10-4 Lt CAs 23 
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addition of the salt immediately before the substrate. Also, the inhibition 
caused by high levels of PP was not altered when the enzyme was pre- 
incubated with MgCl». 


Inorganic Pyrophosphatase of Bull Seminal Plasma 


This enzyme was encountered during an investigation of a system in 
bull seminal plasma which forms PP from ATP. Its properties contrast in 
an interesting way with those of the yeast enzyme. Thus, dialyzed semen 
pyrophosphatase had nearly maximal activity in the absence of added 
magnesium. Overnight dialysis against neutral pyrophosphate buffer, in 
an effort to remove a tightly bound metal activator, was ineffective. (The 
enzyme activity was 18.8 units per ml. before and 19.7 units per ml. after 
dialysis.) Stimulation up to 20 per cent was obtained in the presence of 
a small concentration of MgCle, but with further additions there was nearly 
complete inhibition (Fig. 1). This inhibition could be overcome by a pro- 
portionate increase in the concentration of PP. Whenever the molar ratio 
of MgCl,:PP exceeded 1:1, the rate fell below what it was in the absence 
of magnesium. ‘These experiments were carried out at pH 8.6 at which 
point the enzyme has a rather sharp pH optimum, but the magnesium 
inhibition could also be demonstrated at pH 5.0. 

Bull semen inorganic pyrophosphatase showed no inhibition by increased 
substrate; the rate of reaction was not altered by varying the concentration 
of PP from 2.8 X 10*mtol X 10-?m (Table IV). The alkaline inorganic 
pyrophosphatase of the firefly resembled the yeast enzyme in its absolute 
requirement for magnesium and inhibition by excess substrate (17). The 
same was true for the inorganic pyrophosphatase activity of erythrocytes 
(18), brain (19), and liver (20). Magnesium activation of the liver en- 
zyme was maximal only if the molar ratio, MgCl.:PP, was 2 or greater. 


DISCUSSION 


The final preparation of yeast inorganic pyrophosphatase had a specific 
activity of 86,000, which is to be directly compared with 8600 for the best 
material of Bailey and Webb (3). Their preparation was electrophoreti- 
cally homogeneous except for a trace of another component. 

The possibility was considered that yeast inorganic pyrophosphatase 
might catalyze a transphosphorylation reaction and experiments were car- 
ried out to test this possibility with glycerol, glucose, or adenylic acid as 
possible acceptors. No evidence of transphosphorylation was obtained. 


SUMMARY 


1. A simple procedure has been developed for the purification of in- 
organic pyrophosphatase from dried bakers’ yeast. Preparations were ob- 
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tained whose specific activity was 10 times that of the best previously 
reported in the literature. 


2. The inhibitory effect of high substrate concentration has been con- 
firmed, and evidence is presented to show that this is due to magnesium 
binding. 

3. Observations on metal effects for the inorganic pyrophosphatase of 
bull seminal plasma are recorded. 
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CHEMICAL STRUCTURE IN RELATION TO VITAMIN E 
FUNCTION* 


By P. D. BOYER, M. RABINOVITZ, anp E. LIEBE 


(From the Division of Agricultural Biochemistry, University of Minnesota, St. Paul, 
Minnesota) 


(Received for publication, April 2, 1951) 


A confusing aspect of the chemistry of vitamin E has been the lack of 
well defined relationships between the structure of tocopherols and related 
compounds and their reported activity in the rat fertility test. In a com- 
prehensive assay series and survey of earlier work Evans e¢ al. (1) noted 
that many compounds which were reported active were quite simple in 
structure and some were only remotely related to the tocopherols. In 
recent work in this laboratory, an intermediate oxidation product of a- 
tocopherol, a-tocopheroxide, was isolated (2) which, as shown by the data 
reported herein, has vitamin E activity. If the formation of reversible 
oxidation products such as a-tocopheroxide from tocopherols is of biological 
significance, it seemed probable that the structural requirements for vita- 
min E activity must be more exacting than heretofore reported. Accord- 
ingly, a reassessment of the vitamin E activity of representative compounds 
previously reported active was made. The results reported herein give 
information as to the structural requirements for vitamin E activity for 
the rat and allow the conclusion that these requirements are more specific 
than previously indicated. In addition some experiments are reported on 
tests with different compounds as possible metabolic antagonists of vita- 
min EK. 


EXPERIMENTAL 


Source and Preparation of Compounds Tested—The choice of compounds 
tested was limited to those representative of different structural types 
which were readily obtainable either by synthesis or from other sources. 
Samples of 2,2-diethylchroman, 2-methyleoumaran, and 2,2,5,7 ,8-penta- 
methyl-6-hydroxychroman were-kindly furnished by Professor L. I. Smith 
of the Department of Organic Chemistry, University of Minnesota. Ex- 
aminations of the melting points and the ultraviolet absorption spectra 
of these samples gave evidence that significant deterioration had not oc- 

* Paper No. 2288, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. Aided by a grant from the Nutrition Foundation, Inc., New York. A 


preliminary report of this work was presented at the International Conference on 
Vitamin E, 1949 (Ann. New York Acad. Sc., 62, 188 (1949)). 
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curred since their preparation. Procedures previously described were used | | 
for the preparation of 2,2-dimethylchromene (3), duroquinone (4), duro. | 
hydroquinone (2), and the mono-n-dodecyl and mono-n-cetyl ethers ‘| 
durohydroquinone (5, 2). 

The methyl] ether of dl-a-tocopherol was prepared by the simultaneous 
addition over a 30 minute period of 1.5 ml. of redistilled methyl] sulfate 
and 2.2 ml. of one-half saturated sodium hydroxide to a rapidly stirred 
solution of 1 gm. of dl-e-tocopherol in 13 ml. of acetone. The stirring 
was continued for 30 minutes after the additions were finished; then 30 
ml. of 1:1 concentrated NH,OH:H,O were added to destroy excess di- 
methyl sulfate. The methyl derivative was extracted with petroleum ether 
and washed once each with 1:1 NH,OH:H,0, 50 per cent ethanol, 50 per 
cent ethanol containing 1 ml. of concentrated HCl per 100 ml., and finally 
twice with 50 per cent ethanol. The solution was dried over anhydrous 
sodium sulfate, and the petroleum ether removed under a vacuum. The 
product was a clear yellow oil devoid of reducing power when tested with 
ferric chloride and 2,2’-bipyridine in ethanol and showed an ultraviolet 
absorption maximum in isooctane at 285 to 290 mu. 

Bioassay Procedure—The bioassays were conducted essentially as out- 
lined by Mason and Harris (6). The test ration was composed of 20 per 
cent crude casein, 56 per cent sucrose, 10 per cent lard, 10 per cent dried 
brewers’ yeast, and 4 per cent salts.!. Vitamins A and D were added to the 
lard at levels of 100,000 and 10,000 units per pound respectively. The 
female rats which showed positive mating, as established by use of vaginal 
smears or the presence of a vaginal plug in the tray of the cage, and which 
did not show a recurrence of estrus were given the test supplements on 
the 5th day after mating. The animals were sacrificed on the 21st day 
of pregnancy, and the number of live fetuses, dead fetuses, and resorption 
sites recorded. Animals with one or more live fetuses were recorded as 
positive. The minimum fertility dose of active compounds was calculated 
as suggested by Mason and Harris (6) by the procedure of Reed and 
Muench (7) for estimation of the 50 per cent response level. 

Orally administered compounds were given as solutions or suspensions 
in olive oil. Compounds assayed by intraperitoneal injection were dis- 
persed in a mixture of 25 per cent Tween 20, 25 per cent ethanol, and 50 
per cent water. This dispersion mixture was well tolerated. Single intra- 
peritoneal injections of 0.5 ml. of undiluted Tween 20 were lethal and 0.1 
ml. injections produced extensive adhesions. 

The adequacy of the assay procedure is indicated by the negative results 
characterized by early resorptions obtained with all of twenty-seven nega- 


1Salt mixture of Phillips and Hart (33), with 4 times the listed amount of 
manganese. 
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tive control animals and by the positive responses obtained with small 
amounts of a-tocopherol. The mean fertility doses of dl-a-tocopherol in 
two different trials separated by approximately 2 years were 0.8 and 1.0 mg. 

Assays of dl-a-Tocopheroxide—These assay results are given in Table I. 
The number of rats used for each level of a-tocopheroxide administered 
is considerably less than the ten animals per group recommended for ac- 
curate bioassays (6). Accordingly, although the results serve definitely 
to establish the biological activity of a-tocopheroxide, the calculated mean 
fertility doses may be taken only as approximations and not as critical 
evaluations. The calculated mean fertility doses for a-tocopheroxide are 
24 mg. for oral administration and 3.7 mg. for intraperitoneal administra- 
tion. These doses are 30 and 9 times as great, respectively, as the mean 











TaBLe [ 
Estimation of Vitamin E Activity of dl-a-Tocopherozide in Rat Pregnancy Test 
Oral administration Intraperitoneal administration 

Dose No. positive No. negative Dose No. positive No. negative 
mg. mg. 

10 0 2 2 0 2 

18 0 2 3 1 1 

21 2 1 4 3 t 

25 2 2 5 3 1 

30 2 0 6 2 0 
50 2 0 8 1 0 
100 2 0 




















fertility doses determined concurrently for dl-a-tocopherol by the same 
routes of administration. 

Assays of Compounds Previously Reported Active—The results of these 
assays are summarized in Table II. All compounds were administered 
orally. In most instances, the number of assays was limited by the 
amounts of the test compounds available. Autopsy of all of the thirty- 
two rats used for these experiments showed that early and complete re- 
sorption of the fetuses had occurred. 

Trials with Possible Antagonists of a-Tocopherol—These trials were made 
by evaluating the effect of the test compound on a rat prepared for vita- 
min E assay to which had been administered 1.0 to 1.5 mg. of dl-a-tocoph- 
erol, a dose which was slightly greater than the mean fertility dose. Under 
these circumstances the rats should show a maximum sensitivity to com- 
pounds which might act as metabolic antagonists to vitamin E. 

Exploratory trials were made with a-tocopherylquinone in view of the 
report that some of the effects of administration of high levels of this 
substance to mice were counteracted by a-tocopherol (11). The inactivity 
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of a-tocopherylquinone as previously reported with doses up to 100 mg. 
(12-15) was confirmed in four trials in which response to 200 mg. doses 
was negative. Administration to eight rats of up to 600 mg. of dl-a- 
tocopherylquinone in daily doses of 100 mg. beginning on the Ist day of 
gestation failed to antagonize the effect of 1.0 mg. of a-tocopherol admin- 
istered on the 5th day of gestation. The highest dose of a-tocopherylqui- 
none on a body weight basis was only about one-tenth that used to cause 
late resorption in mice on stock diets (11). However, the test for possible 


TaBLeE II 
Bioassay of Compounds Previously Reported to Have Vitamin E Activity 























Bioassay results 
Compound pancho per rer 
| Dose cath Response 
mg. mg. 
3-Carbethoxy-5,7 ,8-tri- 20 (1) 25 2 Early resorption 
methyl-6-hydroxycouma- 40 2 - 
rin 50 (1) 50 1 ie 
100 1 ce “ 
2,2,5,7,8-Pentamethyl-6- 100 (1) 80 1 é ec 
hydroxychroman 100 ut i ee 
2,2-Diethylchroman 100 (1) 100 2 : 
2-Methylcoumaran 50 (1) 90 1 es ‘ 
100 1 “ ce 
Duroquinone 100 (8, 9) 100 5 ee a 
| 200 1 “ “ec 
Durohydroquinone | 100 (1, 10) 100 6 ee es 
500 (9) | 
re mono-n- | 50 (5, 9) 100 3 ef es 
cetyl ether | 100 (5, 9) 
Durohydroquinone mono-n- | _—_ 100 (5, 8, 9) 100 3 ee : 
dodecy! ether | 250 (5, 9) | 250 2 a ec 


| 


* The figures in parentheses refer to the bibliographic references. 


antagonistic effect in the present trials should have been considerably more 
sensitive, and the problem was not explored further. 

The possibility that 2,2-dimethylchromene might have an antagonistic 
effect on vitamin EK was checked because of the structural relationships 
of this compound to both a-tocopherol and the fish poison deguelin. Like 
deguelin, 2 ,2-dimethylchromene will cause respiratory paralysis in fish (3). 
It was found, however, that pseudopregnancies occurred in ten out of 
fifteen rats to which doses of from 60 to 200 mg. of 2 ,2-dimethylchromene 
had been administered on 1 or more of the first 5 days of gestation. That 
normal ovulation had occurred in these animals was established by ex- 
amination of the corpora lutea. In other assays pseudopregnancies 0c: 
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curred in only 10 per cent of the rats. The probable explanation of 
these results is that the 2,2-dimethylchromene impaired implantation or 
survival of the implant; likewise, other trials indicated that administration 
of daily doses of 10 to 15 mg. of coumarin caused pseudopregnancies. The 
possible protective action of a-tocopherol on these toxic manifestations 
was not evaluated. 
The necessity of the hydroxyl group of the tocopherols for their vita- 
| min E activity suggested the possibility that the methyl ether of tocopherol 
might act as a metabolic antagonist. In some early work, Olcott reported 
that etherification destroyed the activity of vitamin E concentrates (16). 
In harmony with this we have found that the methyl ether of dl-a-tocoph- 
erol is devoid of biological activity in doses as high as 200 mg. No definite 
evidence of an antagonistic effect of the a-tocopherol methyl ether was 
apparent in trials with test rats which received 200 mg. of the ether on 
the 5th day of pregnancy, followed in 4 to 6 hours by graded doses of 1.0 
to 2.0 mg. of dl-a-tocopherol. Further, positive responses were obtained 
with two test animals which received 2200 mg. of the methyl ether in 
daily 200 mg. doses beginning with the day of mating and a single 1.5 mg, 
of dl-a-tocopherol on the 5th day of gestation. 


| 
| 
| 


DISCUSSION 


The negative results reported herein on the vitamin E potency of com- 
pounds previously reported to be active casts serious doubt on the validity 
of earlier assay results on which speculations as to the relation between 
structure and vitamin E activity have been based. The reasons for the 
discrepancies between the present results and earlier work are not readily 
apparent. Improvements in the bioassay technique may be to a large 
measure responsible, particularly the use of young born to mothers placed 
on the low vitamin E rations on or about the 10th day of lactation. ‘‘First 
litter fertility”? was a complicating factor in many of the earlier bioassays. 
Some of the compounds tested may have acted non-specifically as anti- 
oxidants to preserve the tocopherols in the rations used. Experimental 
variations which allowed some test animals to give birth to live young in 
the first pregnancy may have resulted in the birth of live young to test 
animals which had previously shown one resorption while on the deficient 
diet. Negative results obtained in the earlier assay work are probably 
of more significance than positive results. 

The numbers of animals used by us with the eight compounds tested 
were limited by the amounts of the compounds available; none the less 
the numbers used for the assays with each compound were equal to or 
greater than those on which the previously reported positive results were 
based. The completely negative response obtained with all thirty-two 
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animals adds validity to the conclusion that the compounds tested do no 
possess vitamin E activity. 

Almost all compounds which may be regarded as having been show 
to have vitamin E activity in the rat sterility test are substituted chroma 


(I) derivatives. The only compounds without the chroman nucleus with 
An ~ ” 
ke =O 
(I) (II) 


activity are the coumaran (II) analogues of a-tocopherol (17, 18), and. 
product with a dehydrochroman ring, probably dl-3 ,4-dehydro-a-tocoph- 
erol (19). The requisite substituents of the chroman ring for activity ar 
as follows: 

1. One or more alkyl groups on the carbocyclic ring. Deletion of methy 
groups of the a-tocopherol (20-24) or their replacement by ethyl groups 
(22, 25) gives products with decreased biological activity. The chroman 
derivative with a cyclotetramethine group attached to positions 4 and j 
has been reported to have some biological activity (15). 

2. A hydroxyl group, free or esterified, in position 6. It is likely that 
the analogue of a-tocopherol with an amino group in position 6 is also ae- 
tive (26). Elimination of the hydroxyl group of a-tocopherol (10) or its 
etherification ((16), this paper) abolishes vitamin E activity. Chroman 
derivatives with hydroxyl groups in positions other than 6 have not been 
tested. 

3. A short and a long alkyl side chain in position 2. Deletions or addi- 
tions of one or more isoprene units from the 4,8, 12-trimethyltridecy] side 
chain of a-tocopherol give products with markedly reduced biological ac- 
tivity (22). It is probable that the analogues of a-tocopherol, in which 
straight chain alkyl groups of 12 to 17 carbon atoms replace the trimethy)-| 
tridecyl side chain, are active (27-29). Replacement of the methyl group 
in position 2 of a-tocopherol with an ethyl or propyl group gives products 
with reduced biological activity (80). Replacement of the 4,8, 12-tr- 
methyltridecyl side chain by a methyl group abolishes the activity ((31), 
this paper). Other relationships between structure and function of com: 
pounds related to vitamin E have been investigated, particularly by Karret 
and his associates, but the essential features of the structural requirements 
as now known are outlined above. It is, of course, probable that additional 
compounds will be found with vitamin E activity, but the present know- 
ledge makes it seem likely that such compounds will conform closely t 
the above structural limitations. 
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In contrast to the inactivity of a-tocopherylquinone and a-tocopheryl- 
hydroquinone in the rat fertility test, these compounds have been found 
effective in curing muscular dystrophy in rabbits (82). This may be the 
result of conversion of the compounds to a-tocopherol. 

The possibility that vitamin E may act through participation in some 
type of oxidation-reduction reaction has been considered by various in- 
vestigators, but held unlikely because of the inactivity of a-tocopheryl- 
quinone in the rat fertility test. The biological activity of a-tocopheroxide 
makes such a possibility considerably more attractive. Indeed, reactions 
of a-tocopherol other than those which involve oxidation cannot be readily 
visualized as a basis for the biological activity of this substance. In view 
of the relatively small amounts of the vitamin which may be effective, a 
reversal of any oxidation of a-tocopherol which might occur in the animal 
would seem necessary for it to function either as an antioxidant or as a 
specific component of some oxidation-reduction system. The hypothesis 
seems warranted that the compounds which show vitamin E activity in 
the rat fertility test are those which will form an oxidation product such as 
a-tocopheroxide, which can be readily reduced to the original compound. 
Durohydroquinone monolauryl and monocetyl ethers, which are devoid of 
vitamin E activity, form oxides similar to a-tocopheroxide, but they are 
much more difficult to reduce to the original ethers (2). 

The lower biological activity of a-tocopheroxide in comparison to a- 
tocopherol is probably the result of the extreme lability of the former com- 
pound. At neutral pH, a-tocopheroxide is converted slowly to the inactive 
a-tocopherylquinone; this reaction is greatly accelerated by acid. This 
sensitivity to acid probably accounts in part for the lower activity of a- 
tocopheroxide relative to that of a-tocopherol when the compounds were 
given orally as compared to parenteral administration. 

The relations between the oxidation products of a-tocopherol and related 
compounds are not yet completely understood. Recent unpublished work 
in this laboratory indicates that there is an electromotively active bivalent 
oxidation product which may be formed from a-tocopherol, and that this 
product may undergo transformation to a-tocopheroxide or to a-tocopheryl- 
quinone. The formation of a-tocopherylquinone from a-tocopheroxide 
likewise probably proceeds through this intermediate, as well as the con- 
version of a-tocopherylquinone to a-tocopherol, which may be obtained 
under certain conditions. 

The present status of our knowledge with respect to vitamin E is in 
some respects comparable to that in the ascorbic acid field. A number 
of physiological and metabolic disturbances are known to be related to 
ascorbic acid, and the existence of a biologically active, reversible oxidation 
product, dehydroascorbic acid, has been recognized for some time. Eluci- 
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dation of the biochemical function of these vitamins may await more 
knowledge about the complex details of cellular metabolism. 


SUMMARY 


The vitamin E activity in the rat fertility test has been measured for 
eight compounds of different types which have previously been reported 
to possess activity. All these compounds gave entirely negative results. 
a-Tocopheroxide possessed activity, while the methyl ether of a-tocopherol 
and a-tocopherylquinone had no biological activity in the rat fertility test. 
On the basis of these and previous results it is concluded that compounds 
which have shown vitamin E activity in the rat meet certain structural 
requirements. In particular, activity has been limited to certain substi- 
tuted 6-hydroxychromans or 5-hydroxycoumarans or to compounds which 
can be readily converted to the substituted 6-hydroxychromans by hydroly- 
sis or reduction. The structural requirements for vitamin E activity and 
the biological activity of a-tocopheroxide are in accord with the probability 
that the biological function of a-tocopherol involves a reversible oxidation 
and reduction. 

Neither a-tocopherol monomethylether nor a-tocopherylquinone acts as 
a metabolic antagonist to vitamin E as measured by the effect of either 
on minimum doses of a-tocopherol to pregnant rats. Implantation in fe- 
male rats was impaired by 2,2-dimethylchromene and coumarin. 
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THE DETERMINATION AND METABOLISM OF 
GENTISIC ACID* 
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(From the Departments of Pediatrics and Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, April 2, 1951) 


That the animal body converts salicylic acid to gentisic acid has been 
recognized for many years (1). More recently Kapp and Coburn (2) 
showed that 4 to 8 per cent of ingested salicylic acid was normally con- 
verted to gentisic and similar acids. Under certain conditons (e.g., dur- 
ing fever), the excretion of gentisic acid is markedly increased, while the 
excretion of salicylic acid is decreased. Gentisic acid was determined by 
the Shaffer-Hartmann method for reducing substances, with no apparent 
correction for interfering substances (e.g., the alkali-labile salicyl glucu- 
ronide). Approximately 20 per cent of the ingested salicylate could not 
be accounted for in the urine. 

The structural similarities of gentisic and homogentisic acids suggested 
the possibility that part of the gentisic acid formed from salicylic acid is 
completely oxidized in a manner similar to the oxidation of homogentisic 
acid formed from tyrosine. This might account for the fraction of sali- 
cylic acid which cannot be identified. In view of these considerations and 
the possible importance of gentisic acid as an enzyme inhibitor, a study of 
the metabolism of gentisic acid was undertaken. 

It was first necessary to develop a satisfactory method for the estima- 
tion of gentisic acid in biological materials. A method has been reported 
recently (3) based on the color formed with ferric ion. This method was 
found unsatisfactory because the color obtained is transient, owing to the 
oxidation of the hydroquinone by ferric ion. In a mixture of salicylic 
acid and gentisic acid (4:1) salicylic acid can be determined quantitatively 
by the ferric chloride method, with no interference by the gentisate. 

Neuberger et al. have described an iodometric method for the determina- 
tion of homogentisic acid (4) in urine, but found it unsuitable for the de- 
termination of small amounts of homogentisic acid in blood. Gentisic 
acid can be determined quantitatively by this iodometric method, but as 
in the case of homogentisic acid, the procedure is of use only at high levels, 
since both blood and urine contain variable amounts of interfering sub- 
stances of unknown nature. 


*This investigation was supported by a grant from the Chicago Heart Associ- 
ation. 
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A satisfactory technique for the determination of gentisic and homo 
gentisic acids in biological fluids was developed by utilizing the Folin. 
Ciocalteu reagent (5). This method for the determination of phenoli 
compounds involves the reduction of the reagent in alkaline solution 
yielding a blue color. Hydroquinones have a sufficiently low oxidation. 
reduction potential in acid to reduce the reagent yielding a green colo 
(the reagent is yellow in acid; it is probable that the green color is duet 
a combination of the reduced blue and excess yellow reagent). Of th 
various phenolic compounds tested only hydroquinones gave this color 
When this color reaction was combined with an extraction procedure fo 
organic acids, the method was found to be sensitive, reproducible, ani 
specific for hydroquinone acids. This procedure may be considered a var: 
ation of the method of Briggs (6) who studied the reaction of homogenti- 
sate with phosphomolybdie acid. 

This procedure was utilized to study (a) the excretion of gentisic acil 
in humans who had received gentisic or salicylic acid, (b) the correspond. 
ing blood levels of gentisic acid, (c) the metabolism of both compounds it 
the mouse, (d) the disappearance of gentisic acid when incubated wit! 
liver slices, and (e) the excretion of gentisic acid from a patient with phen- 
ylpyruvic oligophrenia receiving salicylic acid. The purpose of the latte 
experiment was to determine whether salicylic acid could be converted t 
gentisic acid in an individual unable to convert phenylalanine to tyrosine 


EXPERIMENTAL 

Reagents— 

1. Standard solution of gentisic acid. For the greatest accuracy it i 
best to prepare the standard solution just before use. From a concet- 
trated standard solution, appropriate dilutions are made within the rang 
10 to 50 y per ml. 

2. 7 w~ sulfuric acid. This solution does not have to be standardize 
accurately. 

3. Ether, peroxide-free (Mallinckrodt). 

4. 5 per cent sodium bicarbonate. 

5. Folin-Ciocalteu phenol reagent. This reagent (Central Scienti! 
Company) is stored in a brown bottle in the refrigerator. 

6. 20 per cent trichloroacetic acid. 

7. Concentrated hydrochloric acid. 


Analytical Procedure 
Y 


Serum and Urine—To 50 mi. centrifuge bottles, the following substance 
were added in the order given: 1.0 ml. of serum, 1.0 ml. of water, 1.0 ml. 





7 N sulfuric acid, 20.0 ml. of ether (or 5.0 mi. of urine, 5.0 ml. of wate! 
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1.0 ml. of 7 N sulfuric acid, 20.0 ml. of ether). The bottles were stop- 
pered, shaken vigorously for 3 minutes, and centrifuged. The ether layer 
was transferred to a separatory funnel by aspiration through a capillary 
tube. The ether extraction was repeated in the same manner. After 
combining the two extracts,! the volume was reduced to about 15 ml. by 
sucking a stream of air over the ether. The ether extract was treated 
twice in the separatory funnel with 4.0 ml. portions of 5 per cent sodium 
bicarbonate and the alkaline extracts were transferred to a tube calibrated 
at 10.0 ml. 1.0 ml. of concentrated hydrochloric acid was added to the 
sodium bicarbonate and, after warming on a steam bath to remove the 
dissolved ether, the tube was cooled to room temperature. If the total 
gentisic acid was expected to be less than 50 y, 1.0 ml. of phenol reagent 
was added and the volume was adjusted to 10.0 ml. If a larger amount 
was present, an aliquot was removed and treated in a similar manner. 
The solution was transferred to a colorimeter tube (Rubicon Company) 
and the color was determined in an Evelyn colorimeter (660 my filter) 
exactly 20 minutes after the addition of the phenol reagent. The instru- 
ment was set at 100 with a reagent blank. With each set of experiments 
a known gentisic acid solution was determined, and a standard curve was 
used for estimating the amount of gentisic acid present. 

Tissues—Although this procedure has been applied successfully to indi- 
vidual tissues (e.g., liver), the method will be illustrated with the pro- 
cedure for the mouse carcass. 

The weighed mouse was macerated in a Waring blendor with 200 ml. of 
water. After straining through cheese-cloth, a 40.0 ml. aliquot was 
treated with 10.0 ml. of 20 per cent trichloroacetic acid. This mixture 
was filtered after 5 minutes and 10.0 ml. of the filtrate were introduced 
into a 50 ml. centrifuge bottle. The aliquot was extracted twice with 
20.0 ml. (each) of ether and the procedure was continued as described 
above. 


Results 


Standard Curve—Fig. 1 illustrates the relationship of optical density 
to concentration of gentisic acid. This linear relationship is reproducible, 
the absolute values being constant with a given lot of reagent. 

Absorption Curve and Stability of Color—The absorption was found to 
increase gradually with increasing wave-length, no maximum being de- 
tectable between 470 and 770 mug. A 660 may filter was chosen, since the 
absorption was sufficiently intense at this wave-length for good sensitivity. 
The stability of the color was followed over a 2 hour period at 25°, 30°, 

‘There was a small blank with normal urine (probably due to uric acid). This 
can be decreased by washing the ether extracts at this point with water. 
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between 15 and 30 minutes. 20 minutes were chosen for determining the 
color intensity since this period is both convenient and yields reproducible 
results. 

Specificity of Color Reaction—Various compounds were tested to deter- 
mine whether they yielded color with the reagent in acid or alkaline solu- 
tion. The test in acid solution was performed by the addition of the 
phenol reagent to the compound in water solution (2 to 3 mg. per ml.), 
while the alkaline reaction was tested by the further addition of saturated 
sodium carbonate as in the standard phenol procedure (5). The results 
in Table I show that of the compounds tested only hydroquinones and 
uric acid yield a positive test in acid media, while all phenolic compounds 
yield the test in alkali. 


Normal Tissue Values and Recovery Experiments 


Human Urine—Human urine contains an appreciable amount of ma- 
terial that gives the color reaction. The content of this material (calcu- 
lated as gentisic acid) is variable, fluctuating between 8 and 14 mg. per 
24 hour urine specimen. One of the interfering substances is probably 
uric acid, since this substance gives a color even after the extraction pro- 
cedure. If correction is made for the blank, gentisic acid could be re- 
covered with an accuracy of 95.7 per cent + 1.1 per cent in the range of 
0.2 to 1.0 mg. added to 5.0 ml. of urine. 

Human Serum—Normal human serum (adults, both sexes) when ex- 
amined by the standard procedure contained small quantities of color- 
forming material. Determinations on fifteen sera yielded an average of 
0.3 + 0.1 mg. per 100 ml., calculated as gentisic acid. Recoveries of 
added gentisic acid (from 0.05 to 1.0 mg. per ml. of serum) averaged 93.2 
per cent + 2.3 per cent. 

Mouse Carcass—These experiments were performed by macerating 
whole mice in a Waring blendor and adding known amounts of gentisic 
acid to the mixture. When 1.0 to 4.0 mg. of gentisic acid were added, the 
recoveries averaged 85 per cent + 4 per cent. Normal mouse tissues 
gave zero blank values. 


Determination of Homogentisic Acid 


The method was found to be equally applicable to the determination 
of homogentisic acid. Recovery experiments on serum and urine were 
performed in the manner described, with recoveries of 97.2 per cent + 2.4 
per cent (recoveries performed on 20 to 50 y of homogentisate per ml. of 
serum) and 96 per cent + 3.5 per cent (recoveries performed on 10 to 50 
y per ml. of urine after correcting for normal values). 
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Metabolism of Gentisic Acid 


Metabolism in Human—Sodium gentisate was administered’ orally to 
five adults in a single dose of 37 mg. per kilo. As demonstrated in Table 
II, the urine collected over 24 hours contained from 61 to 77.3 per cent of 











TasB_eE II 
Gentisic Acid Excretion in Urine after Administration to Humans 
Rerarere Gentisic acid Gentisic acid content of urine* Total Fraction o 
J ‘ ingested recovery | 4 dministered 
O-+hr. | $-1hr. | 1-2 hrs. | 2-4 brs. | 4-24 hrs. 

gm. mg. mg. mg. mg. mg. mg. = oni: 

1 2.0 244 468 374 354 1440 72.0 

2 3.7 92 288 859 630 994 2863 77.3 

3 2.0 74 183 440 521 322 1540 TE0 

4 2.7 231 342 714 396 1683 62.3 

5 1.8 26 406 226 196 245 1099 61.0 





























* The values have been corrected for the blank value of each individual before 
receiving the drug. 

















Tas_e III 
Gentisic Acid Serum Levels of Humans after Ingestion of Gentisic Acid 
Serum level* after ingestion 
Subject No. Gentisic acid ingested = 
$ hr. | 1 hr. 2 hrs. 4 hrs. 
gm. mg. per 100 ml. mg. per 100 wks mg. per 100 ml. \mg. per 100 mi 
1 2.0 5.9 | 10.8 11.7 5.5 
2 3.7 8.6 | 12.3 11.6 5.5 
3 | 2.0 5.6 | 11.0 13.0 7.4 
4 | y Ae 6.4 11.5 | 10.8 §.2 
5 | 1.8 7.0 | Ot | 8.0 








* The serum values are all corrected for the blank value of each individual before 
receiving the drug. 

the dose administered. Gentisic acid was detectable in the urine collected 
at the end of 30 minutes. 

In order to determine whether any conjugates of gentisic acid wert 
present, the urine was hydrolyzed with an equal volume of 7 N sulfuri 
acid for 30 minutes. There was no significant increase in gentisate 
content. 

To establish that the color reaction was a measure of gentisic acid il 
the urine, the compound was isolated by methods similar to those use 
in the isolation of salicylates (2). The gentisic acid so obtained yieldet 
the correct melting point and showed no depression when mixed with a! 
authentic sample. 
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Blood serum levels were determined in the same individuals, The re- 
sults shown in Table III indicate that a peak blood level of 11 to 13 mg. 
per 100 ml. is reached between 1 and 2 hours. 

Metabolism in Mouse—In order to determine the degree of catabolism 
of gentisic acid in another species, mice were injected intraperitoneally 
with solutions of the compound, and, after varying periods of time, the 
whole mouse and its excreta were macerated in a Waring blendor and 
gentisic acid was determined as described above. The results of these 
experiments (Table IV) indicate that after 4 hours no further disappear- 
ance of gentisate occurs. Approximately 50 per cent of the injected genti- 


TaBLe IV 


Gentisic Acid Levels of Mouse Carcass Plus Excreta after Intraperitoneal 
Injection of Sodium Gentisate 














Gentisic acid levels,* per cent of amount injected 
Gentisic acid injected Time after injection 
4 hrs. | 8 hrs. | 16 hrs. 
mg. 
1.0 59 43 59 
2.0 47 | 38 | 46 
4.0 49 37 | 45 








* Recoveries of added gentisate averaged 85 + 4 percent. The experiments were 
performed with two to four mice for each group, weighing from 20 to 35 gm. each, 
the numerical values above being the mean levels. The coefficient of variation in 
each group was generally about 6 per cent, but on occasion it was as high as 25 per 
cent. 


sate was apparently metabolized; the remaining gentisate had probably 
been excreted by the end of 4 hours. 

A series of studies on rat liver slices was performed.2 Small amounts 
of gentisate disappeared after incubation with rabbit liver slices. This 
could not, however, be attributed to enzymatic activity, since similar re- 
sults were obtained with boiled tissue. When salicylic acid was added to 
liver slices, only small amounts disappeared, with the appearance of barely 
detectable amounts of gentisic acid. 


Gentisic-Salicylic Acid Relationships 


Conversion of Salicylic Acid to Gentisic Acid in Human—Five adults 
Were each fed 1.8 gm. of sodium salicylate in two doses 4 hours apart. 
Urine was collected for 24 hours, and a blood sample was drawn 3 hours 
alter the last dose. Such blood samples contained only barely detectable 


*Some of these experiments were performed by Mrs. Joyce Newman. 
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amounts of gentisic acid (Table V). In view of the blank values for these 
individuals, these levels cannot be considered accurate. Gentisic acid was 
present in the urine in appreciable quantities (about 3 per cent of the in- 
gested salicylate). 


TABLE V 


Gentisic Acid Serum and Urine Levels in Humans after Ingestion of 
Sodium Salicylate* 








Subject No. Serumt Gentisic acid content of —_ = per er 
mg. per 100 ml. mg. in 24 hrs. per cent 
1 0.36 50.0 2.7 
2 0.39 49.6 2.6 
3 0.29 48.5 2.6 
4 Trace 46.2 2.5 
5 ef | 48.0 2.5 














* Each subject received a total of 1.8 gm. of sodium salicylate over 4 hours (two 
doses). 

+ The blood samples were taken 3 hours after the last dose of salicylate. These 
figures have been corrected for the blood values obtained prior to ingestion of the 
salicylate, and the corrections have been made on an individual basis. 








t The urine levels were corrected by the figures obtained on each subject during 
the control period prior to the salicylate ingestion. 
TaBLe VI 
Gentisic Acid Levels of Whole Mice after Injection of Sodium Salicylate 
Time* after injection Fraction of salicylate converted to gentisatet 

hrs. per cent 

4 11.6 
24 8.3 
48 6.7 











*5.0 mg. of sodium salicylate were injected intraperitoneally into each animal. 
The animals weighed between 20 and 35 gm. 

+ The figures represent the mean values in each group. From three to five ani- 
mals were used in each group. 


In contrast to the results obtained after gentisate administration, it 
of interest that in all the samples which were obtained after the adminis 
tration of salicylate the hydroquinone acid concentration in the urine it 
creased after hydrolysis with acid. This may be due to the presence 0 
unknown conjugated substances in the urine (conjugation of the phenolit 
rather than carboxylic groups) which were hydrolyzed. 

Conversion of Salicylic Acid to Gentisic Acid in Mouse—Mice were it- 
jected intraperitoneally with 5.0 mg. of sodium salicylate, and, at the 
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end of the allotted times, the animals (and their excreta) were macerated 
as described above. After 24 hours, about 8 per cent of the salicylate 
injected was converted to gentisic acid (Table VI). There was no sub- 
stantial increase of this amount at the end of 48 hours. 

Conversion of Salicylic Acid to Gentisic Acid in Patient with Phenyl- 
pyruvic Oligophrenia—There is evidence that the oxidation of phenyl- 
alanine to tyrosine cannot be performed in individuals with phenylpyruvic 
oligophrenia (7). It seemed of interest to determine whether such indi- 
viduals are capable of oxidizing salicylic acid to gentisic acid. 0.9 gm. of 
aspirin was administered to an infant with proved phenylpyruvic oligo- 
phrenia and gentisic acid was demonstrated in the urine, the conversion 
of the salicylate being approximately the same as in normal humans. It 
is thus apparent that the oxidation of salicylic acid is performed by an 
enzyme system other than that involved in the conversion of phenyl- 
alanine to tyrosine. 


DISCUSSION 


Gentisic acid rapidly disappears from the body by two mechanisms, 
(a) urinary excretion and (b) metabolism to unknown products. Previous 
work has indicated that, although the major portion of administered sali- 
cylate may be recovered (partly as gentisate), a certain fraction has not 
yet been identified. On the basis of the data present it seems reasonable 
to suggest that a larger portion of salicylate than previously recognized 
is converted to gentisate, but that a part of the gentisate formed is further 
metabolized. 


SUMMARY 


1. A method is described for the determination of gentisic and homo- 
gentisic acids in biological materials. The procedure is based on (a) ex- 
traction of organic acids with ether and reextraction of the ether phase 
with bicarbonate and (b) color formation of hydroquinone compounds with 
the Folin-Ciocalteu phenol reagent in acid rather than alkaline medium. 

2. Gentisic acid rapidly disappears from the body in the human and the 
mouse. The major portion of the gentisate administered to humans is 
excreted in the urine, while the remainder cannot as yet be identified. 

3. A patient with phenylpyruvic oligophrenia excreted gentisic acid 
after the administration of acetylsalicylic acid. 

4. It is suggested that a larger portion of salicylic acid than previously 
supposed is metabolized via gentisic acid. 


The assistance of Mr. George R. Nakamura with some of the analyses 
is gratefully acknowledged. 
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CHEMICAL INTERRELATIONSHIPS BETWEEN SOME 
20-HY DROX YSTEROIDS* 
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(From the Department of Medicine, School of Medicine, Western Reserve University, 
and the Lakeside Hospital, Cleveland, Ohio) 


(Received for publication, April 4, 1951) 


A stereochemical correlation between the pregnanediols-3 ,20 and the 
allopregnanediols-3 ,20 was attempted by Marker and his collaborators (2), 
who observed that the diols isolated from urine differed in the configura- 
tions of their 20-hydroxy groups from the corresponding compounds that 
had been prepared by the catalytic reduction of 20-ketosteroids. The natu- 
rally occurring steroids were therefore considered to be of identical orienta- 
tion at C-20 and were designated as 20a-hydroxy compounds. Since then, 
it has been shown that the biogenesis of 20-hydroxysteroids is not stereo- 
specific, as compounds belonging to either of the two series of stereoisomers 
have been isolated from urine (3, 4), bile (5), and adrenals (6). Further- 
more, numerous examples have demonstrated that the stereochemical 
course of the catalytic hydrogenation of steroids may be influenced by 
structural differences at sites relatively distant from that of reduction 
(7,8, 3). The validity of Marker’s stereochemical correlations has, there- 
fore, been questioned (9). Several years ago (10) we called attention to the 
close agreement between the melting points of A*-pregnenol-20-one-3 (and 
its acetate) as prepared from urinary pregnanediol-3a ,20a! by Butenandt 
and Schmidt (11) and from urinary A*-pregnenediol-38,20 by Marker, 
Crooks, and Wittbecker (12). We felt that this agreement signified iden- 
tity of the reaction products and therefore established identical configura- 
tions of the 20-hydroxy groups for pregnanediol-3a,20a and for A*-preg- 
nenediol-38 ,20 and its reduction product, the allopregnanediol-36 ,20 of 
human urine. Since then, we have learned from the patent literature (13) 
of another synthesis of a A‘-pregnenol-20-one-3. This product, which again 
had very similar properties, was.obtained from a monoester of a A®-preg- 
nenediol-36 ,20 that had been prepared by catalytic reduction (nickel or 

*Several of the results and rotations obtained in this investigation were given 
without experimental details in an earlier communication (1). Grants-in-aid have 
been received from the Hanna Research Fund and from the American Cancer Soci- 
ety on the recommendation of the Committee on Growth. 

‘The terms a and 8 are employed according to current usage. Details have been 


Specified previously (8, 1). In particular the configuration of a 20-hydroxy group 
is designated as a if its orientation is the same as in urinary pregnanediol-3, 20. 
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platinum (?)) of A®-pregnenol-38-one-20 acetate. Since one would expect 
that this procedure would yield predominantly the 20-8 isomer (2, 14-16 
and therefore a product different from Butenandt’s A*-pregnenol-20a-one-3, 
the possibility had to be considered that A*-pregnenol-20a-one-3 and its 
acetate cannot be distinguished from their 20-epimers by their melting 
points. We have therefore reinvestigated the problem and have obtained 
conclusive proof that the orientations of the 20-hydroxy groups in preg. 
nanediol-3a,20a, in urinary A*-pregnenediol-38 ,20, and therefore also in 
the allopregnanediol-38 ,20 (17, 10) of human urine are identical. As these 
experiments were nearing completion, Sarett (16) and Klyne and Barton 
(18) reported the rotational changes of certain 20-hydroxysteroids upon 
acetylation. Combination of their findings leads to the same conclusion. 

The synthesis by Marker et al. (12) of A*-pregnenol-20-one-3 from A®-preg- 
nenediol-38 ,20 diacetate (IV) employed treatment with selenium dioxide, 
hydrolysis, and dehydration for the preferential oxidation of the hydroxy! 
group at C-3. We have treated the diacetate IV with dilute methanolic 
potassium hydroxide at room temperature and obtained a monoacetate 
(VII) in good yield. Oxidation with temporary protection of the double 
bond with bromine furnished the unsaturated ketone VIII which proved 
to be identical in every respect with a sample of A‘-pregnenol-20a-one-} 
acetate that was prepared from pregnanediol-3a ,20a monoacetate-20 (IX 
by the method of Butenandt and Schmidt (11). Comparison included 
determinations of the infra-red spectra, of the rotations, and of the melting 
points, which remained unchanged upon admixture. This identity show 
that all compounds linked by these reactions (IV, VII, VIII, and IX) ar 
acetylated in position 20 and have the same ‘configuration (a!) at. this 
asymmetric center. Compound VII is therefore A*-pregnenediol-38 , 20 
20-monoacetate. It proved to be identical with a substance isolated from 
the urine of a boy with an adrenocortical tumor (10). This compound hai 
tentatively been identified as a monoacetate of A*-pregnenediol-38 , 200 
Its presence in the acetylated urine extracts is probably due to a selective 
deacetylation of the diacetate IV by alumina during the chromatographit 
separation. The compound has subsequently been obtained also by other 
(19, 20). 

Catalytic hydrogenation of the monoacetate VII furnished the saturated 
monoacetate X which was oxidized to the acetoxy ketone, XIII. The 
product expected to be formed from A*-pregnenediol-38 ,20a 20-monoace: 
tate by these steps is allopregnanol-20a-one-3 acetate. However, its melt: 
ing point was considerably higher (43°) than that recorded by Market 
and his collaborators (2), who prepared allopregnanol-20a-one-3 (XIV 
and its acetate (XIII) by the partial hydrolysis of the diacetate (XV) 
urinary allopregnanediol-3a,20 and by subjecting the resulting crude 1 
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action mixture to oxidation, hydrolysis, and fractionation by means of 
Girard’s reagent and of succinic anhydride. The product obtained from 
the hydroxy ketone fraction was believed to be substance XIV, since it 
could be reduced to allopregnanediol-36 ,20a in 30 per cent yield. We 
carried out the partial methanolysis of diacetate XV under similar condi- 
tions but attempted the fractionation of the reaction mixture. It con- 
tained unchanged starting material, some allopregnanediol, and two mono- 
icetates which were separated with some difficulty. Apparently these 
nonoesters differ very little in their affinity for alumina and the sequence 
of their elution from this adsorbent is dependent on the kind of aluminum 
*xide used. The product obtained in larger amounts was oxidized to a 
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ketone which possessed the chromogenic properties of a 20-ketosteroid and 
had a melting point in close agreement with allopregnanol-3a-one-20 acetate 
(XVIII) (21-26). This ketone therefore must be derived from the 3-mono- 
acetate of allopregnanediol (XVII). The second isomer (XVI) yielded a 
3-ketosteroid on oxidation, which proved to be identical with the prepara- 
tion of allopregnanol-20a-one-3 acetate obtained from compound X. The 
close agreement of the melting points and of the infra-red spectra of two 
independent preparations of compound XIII leaves little doubt of the 
purity and authenticity of our product. It must have the allo configura- 
tion at C-5 in view of its synthesis from compound XV and possess a 3-keto 
group and a 20a-acetoxy group, since it was obtained also from A°-preg- 
nenediol-38 ,20a 20-monoacetate (VII). The nature of Marker’s product 
has not been clarified. We have been unable to obtain evidence for a lower 
melting modification and consider crystal polymorphism as an unlikely 
explanation of the discrepancy in view of an even greater disparity in the 
melting points of the parent compounds. Marker and his collaborator 
used their preparation of this compound to characterize urinary allopreg- 
nanediol-3a,20 as the 3-epimer of the allopregnanediol-38 ,20 of human 
urine. Since this relationship would permit one to assign the 20a con- 
figuration also to urinary allopregnanediol-3a,20, it should be noted that 
the reactions which link compounds IX and XV establish the 20a configura. 
tion for urinary allopregnanediol-3a,20 independently and conclusively. 
The low yield of allopregnanediol-3a ,20a 20-monoacetate (XVI) is in 
distinct contrast to the results of the partial deacetylation of the 5-epimer, 
pregnanediol-3a ,20a diacetate, which gives the 20-monoacetate in large 
amounts (11). This difference was not entirely unexpected, since the ester 
group in cholestanol-3a acetate hydrolyzes more slowly than in coprostandl- 
3a acetate (27). The rate of methanolysis of a 3a-acetoxy group of the 
5-allo series should therefore be more comparable to that of a 20a-acetoxy 
group than in the normal series. Although a valid comparison of the 
relative rates of the 3a- and 20a-acetoxy groups in compound XV require 
a separation of monoacetates XVI and XVII far more complete than that 
realized here, our observations nevertheless cast doubt on the contentio 
of Marker et al. (2) of a markedly faster rate at C-3, particularly sine 
their claim is based on the isolation of a product of doubtful purity? A 
Reichstein and his collaborators (30) were able to effect selective deacetyls 
tion of acetylated bile acids by an acid-catalyzed methanolysis, we sub 


2 This blemish unfortunately also mars the proof of configuration which was sul 
marized for allopregnanol-208 (3). It should be noted, therefore, that this com 
pound has also been prepared (28) by a modified Clemmensen reduction from % 
allopregnanol-20-one-3 acetate (29) which should possess the 208 configuration, * 
it was derived from a 3,20-diacetoxyallopregnane with the properties of allopres 
nanediol-38, 208 diacetate (VI). 
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jected diacetate XV to similar conditions, but obtained an essentially 
complete reaction of both acetoxy groups. 

In order to clarify the steric course of the hydrogenation of A*-pregnenol- 
3-one-20 acetate with nickel it seemed desirable to know the properties of 
\’-pregnenediol-38 ,208. Treatment of A*-pregnenol-38-one-20 acetate (I) 
with lithium aluminum hydride gave a mixture of two isomers which were 
separated after acetylation. The compound formed in smaller amounts 
was identical with the A*-pregnenediol-38 ,20a diacetate (IV) that had been 
isolated from urine. The main reaction product (V) therefore should be 
the 20-epimer. This was confirmed by catalytic reduction, which gave a 
product with the physical properties of the known allopregnanediol-38 ,208 
diacetate (VI) (29, 31, 32, 18). When an alcoholic solution of A®-preg- 
nenol-38-one-20 acetate (1) was hydrogenated in the presence of a Raney 
nickel catalyst at room temperature, two monoacetates (II and III) were 
obtained in approximately equal amounts. They were identified as the 
3-acetates of A®-pregnenediol-36 ,20a and of A®*-pregnenediol-38 , 208 by their 
acetylation to the diacetates IV and V, respectively. The steric course 
of this hydrogenation is contrary to the widely held belief that the catalytic 
reduction of 20-ketosteroids produces predominantly the 8 isomer. While 
we know of no exception to this rule when platinum is used as the catalyst, 
nickel has given more variable results. In two instances (pregnanol-3a- 
one-20 (15) and allopregnanediol-38 , 17a-one-20 acetate (33)) the 208 iso- 
mer was obtained as the main product, while in a third (allopregnanetriol- 
38,17a,21-one-20 3 ,21-diacetate (34)) its preponderance was slight. The 
increased oxygen substitution of the side chain may be responsible (16) 
for the high proportion of the a isomer obtained from allopregnanetriolone 
diacetate, but the behavior of compound I obviously cannot be explained 
on this basis. Further experiments are needed to test whether the altered 
reaction conditions or differences in the structure of the substrate are re- 
sponsible for the results obtained with pregnenolone acetate. It is quite 
clear, however, that the steric course of catalytic hydrogenations of 20- 
ketosteroids ought not be used as a sole criterion in assigning configurations 
to the resulting hydroxy compounds, particularly if nickel is used as the cat- 
ilyst. The projected synthesis of A‘*-pregnenol-206-one-3 was not carried 
out, since at this point Wieland and Miescher (20) reported its preparation 
from A*-pregnenediol-36 ,208 20-monoacetate. The latter was obtained 
irom 20-iso-A*-38-acetoxynorcholenone-22 by perbenzoie acid degradation 
and partial hydrolysis. The properties of the free diol as well as those 
of the acetyl derivatives III and V are in fair accord with those found by 
us. Since the A*-pregnenol-208-one-3 obtained by the Swiss workers differs 
‘ignificantly from the a epimer, the product described by Schwenk, Whit- 
man, and Fleischer (13) in their patent must be the a form. It appears 
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therefore that these investigators obtained an even higher yield of th 
a isomer in their reduction of A5-pregnenol-38-one-20 acetate with nick¢! 
than has been observed here. 

For purposes of comparison with transformation products of urinary ster. 
oids it was desirable to have a reference specimen of A>-pregnenol-20a (XII), 
It was prepared from A*-pregnenediol-3 ,20a 20-monoacetate (VII) by r 
placing the free hydroxyl group with chlorine to yield 38-chloro-A°-preg. 
nenol-20a acetate (XI). The assignment of configuration at C-3 is base 
on Shoppee’s (35) analysis of this substitution in other A®-unsaturated 
36-hydroxysteroids. The compound is of interest, as one may expect its 
presence in the acetylated non-ketonic fraction of urine extracts rich in 
A®-pregnenediol-38 ,20a. Treatment of compound XI with sodium ani 
propanol gave the desired A5-pregnenol-20a in good yield. 


EXPERIMENTAL? 
Reduction of A®-Pregnenol-38-one-20 Acetate (I) 


With Lithium Aluminum Hydride—A solution of 154.2 mg. of A®-preg- 
nenol-36-one-20 acetate in anhydrous ether was added in portions to 1 
stirred solution of 184 mg. of lithium aluminum hydride in the same sol: 
vent. Stirring under anhydrous conditions was continued for 25 minutes 
when the excess reagent was decomposed by the addition of moist ether. 
The mixture was distributed between ether and dilute hydrochloric acid 
The ether phase was washed with hydrochloric acid and repeatedly with 
water and taken to dryness. The residue was acetylated with 1 ce. 
pyridine and 0.5 cc. of acetic anhydride at room temperature for 17 hour 
and worked up in the usual manner (for details see the acetylation «i 
compound II). The resulting acetate mixture (171.8 mg.) was separated 
by chromatographing on alumina and repeated rechromatographing of the 
middle fractions. The early eluates were recrystallized from methanol 
and gave 62.5 mg. of A*-pregnenediol-38 ,208 diacetate (V), which crystal: 
lized in needles or in plates. The analytical sample melted at 130-131’. 


Analysis—C2;H 3304. Calculated, C 74.59, H 9.52; found, C 74.79, H 9.53 
Rotation—[a]p = —23° (c = 0.96) 


Wieland and Miescher (20) reported a melting point of 125-126° anda 
rotation of —39° (CCl;H) for their product. 


3 All melting points recorded are corrected. The compounds were dried for anal: 
ysis and rotation at 80° in vacuo except compound X, which was dried at 100°, and 
compound XIV and A®-pregnenediol-36 ,208 which were dried at 110°. The rotation 
were measured in 95 per cent alcohol. The infra-red spectra were determined in! 
per cent solutions in carbon disulfide (cell spacer 0.8 mm.) with a Perkin-Elmer 
spectrometer with a sodium chloride prism and d.c. amplification. The dinitro- 
benzene reactions were run for 105 minutes as described previously (36). 
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The late eluates were recrystallized from methanol and yielded 9.0 mg. 
of A®-pregnenediol-38 ,20a diacetate (IV) melting at 145-147° and at 145- 
147°on admixture with a sample of compound IV that had been isolated 
from urine (10). 

With Nickel—A solution of 99.5 mg. of A5-pregnenol-38-one-20 acetate 
(I) in 6 ce. of 95 per cent alcohol and 0.5 ce. of an ethanolic suspension of 
140 mg. of freshly made Raney’s nickel catalyst (prepared on a reduced 
scale (1:20) according to Mozingo (37)) were shaken in an atmosphere 
of hydrogen at room temperature for 2.5 hours. After removal of the 
catalyst by centrifuging, the reaction product was taken to dryness and 
fractionated on columns of alumina. The early eluates (with benzene and 
petroleum ether 1:4) gave 17.2 mg. of residue from which 6.7 mg. of crys- 
tals melting at 149.5-150.5° were obtained. The product was identified 
as starting compound by a mixed melting point determination and by its 
color reaction with alkaline m-dinitrobenzene, which gave a spectrum typi- 
cal of a 20-ketosteroid. The middle fractions (eluted with mixtures of 
benzene and petroleum ether up to 1:1) gave 40.2 mg. of residue. This 
material was recrystallized from acetone and gave 28.9 mg. of A®-preg- 
nenediol-38 ,208 3-monoacetate (IIT) melting at 161-165.5°. Continued re- 
crystallization raised the melting point to 165-166.5° (14.2 mg.). 


Analysis—C23H 3603. Calculated, C 76.62, H 10.07; found, C 76.59, H 10.11 
Rotation—[a]p = —61° (c = 0.42) 


Wieland and Miescher (20) reported 164.5-165.5° as the melting point 
and —68° (CCl3;H) as the specific rotation of this compound. 

The remainder of the adsorbed material (42.5 mg.) was eluted with 
mixtures of petroleum ether and benzene and with benzene. Recrystal- 
lization of these eluates from petroleum ether containing small amounts 
ofacetone gave 17.0 mg. of A>-pregnenediol-38 , 20a 3-monoacetate (II), melt- 
ing at 143.5-145°, and 11.1 mg. of less pure material (m.p. 141-143°). 


Analysis—C23;H3603. Calculated, C 76.62, H 10.07; found, C 76.69, H 10.05 
Rotation—la]p = —48° (c = 0.75) 


The melting point given by Wieland and Miescher (20) is 137.5-138.5°, 
the specific rotation —62° (CCI3H). 

A*-Pregnenediol-38 ,20a Diacetate (IV) from 3-Monoacetate (II)—A solu- 
tion of 8.7 mg. of compound ITI (m.p. 143.5-145°) in 1 ec. of pyridine was 
treated with 0.5 cc. of acetic anhydride at room temperature for 17 hours. 
The excess of anhydride was hydrolyzed by the slow addition of water to the 
chilled solution. The mixture was diluted with ether, washed with water 
and repeatedly with dilute hydrochloric acid, sodium carbonate solution, 
and water, and was taken to dryness. Upon recrystallization from meth- 
anol 7.3 mg. of diacetate were obtained, which melted at 146.5-147.5° 
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and at 145.5-147.5° on admixture with a sample of A°-pregnenediol-36 , 20. 
diacetate (IV) (m.p. 145.5-147.5°) that had been isolated from urine (10), 


Analysis—C25H3s0,. Calculated, C 74.59, H 9.52; found, C 74.82, H 9.65 


A®-Pregnenediol-38 ,208 Diacetate (V) from 3-Monoacetate (III)—8.2 mg. 
of monoacetate III (m.p. 165-166.5°) were acetylated as described for the 
a isomer. The reaction product after three recrystallizations from meth- 
anol melted at 130-131° and at 129.5-131° on admixture with a sample of 
A®-pregnenediol-38 ,208 diacetate (V) that had been prepared from com. 
pound I by reduction with lithium aluminum hydride and by acetylation. 


Analysis—C2;H 3304. Calculated, C 74.59, H 9.52; found, C 74.78, H 9.58 


A®-Pregnenediol-38 ,208B—21.5 mg. of A>-pregnenediol-38 ,208 diacetate, 
40 mg. of sodium hydroxide, and 5 cc. of 80 per cent ethanol were heated 
under a reflux for 2 hours. The mixture was distributed between ether 
and water. The ether layer was washed with water and taken to dryness, 
The residue was extracted with a small volume of ether and recrystallized 
from methanol. The diol melted at 207-210°. The analytical sample was 
recrystallized from a 10:1 mixture of benzene and acetone and after drying 
proved to be somewhat hygroscopic. 


Analysis—C2:1H 302. Calculated, C 79.19, H 10.76; found, C 79.14, H 10.64 


A melting point of 200.5-201.5° was reported for this compound (20). 

Reduction of A°-Pregnenediol-38 ,208 Diacetate (V); Allopregnanediol- 
38,208 Diacetate (VI) —29.9 mg. of compound V, 243 mg. of reduced palla- 
dium-calcium carbonate catalyst (1 per cent) (38), and 7 cc. of 95 per cent 
alcohol were shaken in an atmosphere of hydrogen. The gas uptake ceased 
after 15 minutes. The reaction product was isolated in the usual manner 
(1) and recrystallized from methanol to yield 22.6 mg. of allopregnanediol- 
38,208 diacetate (VI) melting at 141.5-143°. 

Analysis—C25HaeO4. Calculated, C 74.21, H 9.97; found, C 74.11, H 9.93 

Rotation—[a]p = +31° (c = 0.9) 


The melting points recorded in the literature are 138° (uncorrected) (89), 
142-143° (29), 141.5-142° (31), 142-144° (32), and 141-142° (18); the ro- 
tation = +22° (CCI;H) (18). 

7.4 mg. of diacetate VI were hydrolyzed as described for compound V. 
The resulting allopregnanediol-38 ,208 was purified by ether extraction and 
by recrystallization from methanol and from acetone. It melted at 195.5 
197.5°. 

The compound has been reported to melt at 194° (14), 195-196° (29), 
193.5-194° (31), 192-194° (40), 193° (uncorrected) (39), 196° (32). 

A®-Pregnenediol-38 ,20a 20-Monoacetate (VII)—2.80 ec. of a 0.09385 \ 
methanolic potassium hydroxide solution were added to a solution of 1058 
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mg. of A®-pregnenediol-36 ,20a diacetate (IV) (isolated from urine (10)) 
in 39.8 ce. of methanol (resulting concentration of both solutes, 0.00617 m). 
The mixture was kept at 20-21° for 48 hours and was then distributed 
between ether and water. The ether layer was washed until neutral and 
yielded 96.3 mg. of residue on evaporation. This material was chromato- 
graphed on alumina. Impurities were concentrated in the early eluates 
(obtained with a 1:3 mixture of benzene and petroleum ether) and the 
late eluates (11.38 mg. obtained with benzene). The latter gave 6.1 mg. 
of A®-pregnenediol-38 ,20a melting at 183.5-186°. The middle fractions 
on recrystallization from methanol yielded 67.4 mg. of A*-pregnenediol- 
36,20 20-monoacetate (VII) melting at 167—169° and at 165.5-168.5° on 
admixture with a sample of the monoacetate of A5-pregnenediol-36 ,20a 
(m.p. 164-168°) that had been obtained from the urine of a boy with an 
adrenal tumor (10). The analytical sample was recrystallized from petro- 
leum ether. 


Analysis—C23H2.0;. Calculated, C 76.62, H 10.07; found, C 76.56, H 9.95 


The compound was also obtained in lesser yields from the diacetate by a 
16 hour methanolysis under the same conditions‘ and by refluxing 15.8 
mg. of diacetate in 2 cc. of 80 per cent methanol containing 16 mg. of potas- 
sium bicarbonate for 1.5 hours (cf. (41)). More recently Wieland and 
Miescher (20) reported the preparation of compound VII (m.p. 159.5- 
160.5°) in unspecified yield by refluxing a dilute methanolic solution of 
the diacetate in the presence of potassium carbonate for 15 minutes. 

A‘-Pregnenol-20a-one-3 Acetate (VIII)—A solution of bromine in glacial 
acetic acid (0.4 ec.) was added dropwise to 17.2 mg. of A5-pregnenediol- 
38,20 20-monoacetate (VII) in 1.0 cc. of the same solvent until a faint 
yellow tinge persisted. The mixture was treated with 4.7 mg. of chromium 
trioxide in 0.26 ec. of 90 per cent acetic acid for 2 hours at 25° and then 
with 0.3 cc. of methanol for 30 minutes. After dilution with 2.5 cc. of 
acetone the reaction mixture was debrominated with 1.2 ec. of chromous 
chloride reagent according to Julian et al. (42), exactly as described pre- 
viously (1). The neutral fraction (17.2 mg.) was recrystallized from dilute 
alcohol and from mixtures of acetone and petroleum ether. The melting 
point of A*-pregnenol-20a-one-3 acetate (VIII) (141-142°) remained un- 
changed on admixture of a specimen (m.p. 141-142°) prepared from uri- 
nary pregnanediol-3a ,20a via the 20-monoacetate (IX) according to Bute- 
nandt and Schmidt (11). 


Analysis—C23H3,0:. Calculated, C 77.05, H 9.56; found, C 77.14, H 9.74 
Rotation—[a]3? = +82° (c = 0.25) 





‘The optimal reaction time has not been determined. It is believed to be inter- 
mediate between this experiment and the one described above. 
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The rotation of the specimen prepared from compound IX was [a]! = +80° 
(c = 0.78). Both preparations of compound VIII agreed very closely in 
their infra-red spectra. The specimen derived from monoacetate VII gave 
the following absorption maxima in that portion of the finger-print region 
that can be measured in carbon disulfide: 14.63, 12.86, 12.10, 10.92, 10.72, 
10.53, 10.18, 9.79, 9.44, 9.28, 9.19, 9.05, 8.96, 8.89, 8.69, 8.62, 8.42, 8.02, 
7.88, 7.63, 7.51 u. In the carbonyl region were two intense maxima. One 
of these (5.76 uw) in conjunction with the high peak of 8.02 » demonstrates 
the presence of an ester group; the second (5.96 u) is typical of a A*-un- 
saturated 3-ketosteroid (43). 

The melting points reported for this compound are 138.5° (uncorrected) 
(11), 188-140° (12, 13), and 137.5-138.5° (20); the specific rotation, +90° 
in chloroform (20). 

Reduction of A®-Pregnenediol-38 ,20a 20-M onoacetate (VII); Allopregnane- 
diol-3B ,20a 20-Monoacetate (X)—41.6 mg. of monoacetate VII, 299 mg. 
of reduced palladium-calcium carbonate catalyst, and 9 cc. of 95 per cent 
ethanol were shaken in an atmosphere of hydrogen. The gas uptake 
stopped after 10 minutes. The reaction product was recrystallized from 
methanol and from petroleum ether containing a small amount of acetone 
to yield 20.8 mg. of allopregnanediol-38 ,20a 20-monoacetate melting at 
150.5-151.5°. An additional crop of 17.8 mg. was obtained from the 
mother liquors. 


Analysis—C23H3303. Calculated, C 76.19, H 10.57; found, C 76.32, H 10.41 


Oxidation of Allopregnanediol-38 ,20a 20-Monoacetate (X)—4.4 mg. of 
chromium trioxide in 0.28 cc. of 90 per cent acetic acid were added to 158 
mg. of monoacetate X in 1.7 cc. of glacial acetic acid. After the mixture 
had stood 3 hours at 25°, it was treated with 0.4 cc. of methanol for 20 
minutes and then distributed between ether and water. The ether phase 
was washed with water and repeatedly with sodium carbonate and with 
water and evaporated. Chromatography of the residue on alumina re- 
moved a small amount of impurities in the first eluate. The remainder 
was recrystallized from methanol and gave 9.4 mg. of allopregnanol-20e- 
one-3 acetate (XIII) melting at 159-160.5° and at 162—163.5° on reheating 
the solidified melt. Its infra-red absorption spectrum gave evidence of 
the presence of a keto group at C-3 (5.82 u) (43) and an ester group (5.76 
and 8.01 yu). In addition maxima were observed at 10.70, 10.45, 9.80, 
9.54, 9.37, 9.16, 8.93, 8.67, 8.48, and 7.62 u. 

9.4 mg. of acetate XIII and 40 mg. of sodium hydroxide in 5 ce. . 
80 per cent ethanol were heated under a reflux for 2 hours. Recrystal- 
lization of the reaction product from dilute alcohol and from petroleum 
ether yielded allopregnanol-20a-one-3 (XIV) melting at 178.5-181°. 
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Analysis—C2iH Oz. Calculated, C 79.19, H 10.76; found, C 79.52, H 10.90 


Marker and coworkers (2) reported a melting point of 128° for this com- 
pound. 

Partial Methanolysis of Allopregnanediol-3a ,20a Diacetate (XV)—A so- 
lution of 509.4 mg. of the diacetate (XV) of urinary allopregnanediol-3a,20a 
and of an equimolar amount of potassium hydroxide in 36.5 cc. of methanol 
was kept at 25° for 40 hours and distributed between ether (250 cc.) and 
water (150 ec.). The ether phase was washed free of alkali and yielded 
442.7 mg. on evaporation. This material on repeated extraction with ben- 
zene (total 15 ec.) yielded 140.5 mg. of residue. The benzene-soluble 
portion (304 mg.) was chromatographed on alumina. The early eluates 
yielded 44.5 mg. of starting compound melting at 140.5-141.5°; the last 
(eluted with ether and with methanol) gave an additional 13.5 mg. of ben- 
zene-insoluble material. When a sample of Brockmann’s alumina (Merck 
and Company, Rahway) was used for chromatography, the diacetate was 
followed by eluates rich in allopregnanediol-3a ,20a 3-monoacetate (XVII). 
This was purified by recrystallization from acetone and from methanol. 
i4.1 mg. of heavy plates or rods were obtained, melting at 172.5-173.5°, 
and 24.1 mg. of a less pure product melting at 169.5-172.5°. 


Analysis—C23H3s03. Calculated, C 76.19, H 10.57; found, C 76.21, H 10.62 


The subsequent eluates were rechromatographed on acid-washed (44) 
alumina (Harshaw). Use of this adsorbent evidently reversed the sequence 
of elution of the monoacetates, since only the earlier eluates of this column 
contained high concentrations of allopregnanediol-3a,20a 20-monoacetate 
(XVI). On recrystallization from methanol and from acetone 19.1 mg. 
of needles melting at 190-193° were obtained. The analytical specimen 
melted at 192.5-194°. 


Analysis—C23H3303. Calculated, C 76.19, H 10.57; found, C 75.99, H 10.52 


The benzene-insoluble fractions consisted chiefly of allopregnanediol- 
3a,20e which, after extraction with ether and three recrystallizations from 
95 per cent alcohol, melted at 244-245°. 

If the partial methanolysis was carried out on a 0.0095 m solution of di- 
acetate with the equivalent of 0.8 mole of potassium hydroxide at 18.5° 
+ 2° for 40 hours, most of the diacetate (70 per cent) was recovered un- 
changed. In addition monoacetate XVI was isolated in 4 per cent yield. 
These reaction conditions are comparable (except for a longer reaction 
time and a somewhat lesser amount of solvent, changes which should favor 
methanolysis) to those used by Butenandt and Schmidt (11), who con- 
verted the diacetate of the 5-epimer, pregnanediol-3a ,20a, to its 20-mono- 
acetate in 60 to 70 per cent yields. Treatment of 25.4 mg. of diacetate XV 
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with 7 cc. of a 1.25 per cent solution of hydrogen chloride in methanol at 
20.7° + 0.2° for 19 hours gave 20.5 mg. of a reaction product with the 
melting point of allopregnanediol-3a ,20a. 

Oxidation of Allopregnanediol-3a ,20a 3-Monoacetate (X VII)—6.6 mg. of 
chromium trioxide in 0.66 cc. of 90 per cent acetic acid were added to a 
solution of 24.1 mg. of monoacetate XVII (m.p. 169.5-172.5°) in 2 ce. of 
glacial acetic acid. After having stood 16 hours at 18°, the oxidation 
product was isolated as described above. The neutral fraction (24.0 mg.) 
was recrystallized twice from methanol and yielded 18.3 mg. of allopreg- 
nanol-3a-one-20 acetate (XVIII) melting at 142-143.5°. 


Analysis—C23H3,0;. Calculated, C 76.62, H 10.07; found, C 76.64, H 9.95 


A solution containing 0.25 um in 0.2 cc. of 95 per cent alcohol gave the 
following extinction values after treatment with alkaline dinitrobenzene: 
0.127 at 420, 0.142 at 435, 0.152 at 450 and 470, 0.146 at 490, 0.114 at 520, 
0.079 at 550, and 0.039 at 590 my. This spectrum is virtually identical 
with that published for an equimolar solution of allopregnanone-20 (3). 
Melting points recorded in the literature for this compound are 139-—140° 
(uncorrected) (23), 138-140° (24) (corrected (25)), 139-140° (21), 140—142° 
(26), and 141-142° (22). 

Oxidation of Allopregnanediol-3a ,20a 20-Monoacetate (X VI)—A mixture 
of 12.8 mg. of allopregnanediol-3a ,20a 20-monoacetate (m.p. 192.5-194°| 
in 1.45 cc. of glacial acetic acid and of 3.5 mg. of chromium trioxide in 
0.22 cc. of 90 per cent acetic acid was kept at 25° for 3 hours and worked 
up as described above. The neutral reaction product (12.7 mg.) upon 
recrystallization from methanol and chromatographic separation of the 
mother liquors gave 8.7 mg. of needles melting at 157-160°. Continued 
recrystallization raised the melting point to 159-161°, which changed to 
162-164° on reheating the solidified melt. Admixture with a specimen oi 
allopregnanol-20a-one-3 acetate prepared from compound X caused no de- 
pression of the melting point. 


Analysis—C23H3.03. Calculated, C 76.62, H 10.07; found, C 76.88, H 10.18 


In the dinitrobenzene reaction the compound showed the color changes 
and final absorption spectrum of a 3-ketosteroid (3). The presence. of a 
keto group at C-3 was confirmed by its infra-red spectrum, which was in 
very close agreement with that obtained for the oxidation product of com- 
pound X. 

Marker et al. have reported a melting point of 117° for this substance (2). 

3B-Chloro-A*-Pregnenol-20a Acetate (XI)—23.0 mg. of A®*-pregnenediol- 
368 ,20a 20-monoacetate (VII) (melting at 167—169°) in 5 ec. of pure chloro- 
form were treated with 33 mg. of phosphorus pentachloride exactly as 
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described for A®*-pregnenetriol-36 , 16a ,20« 16 ,20-diacetate (1). The crys- 
talline reaction product (25.5 mg.) upon recrystallizations from 95 per 
cent alcohol and from acetone yielded 15.4 mg. of stout needles melting 
at 167-170°. The analytical sample melted at 169-171°. 


Analysis—C23H3;02Cl. Calculated, C 72.89, H 9.31; found, C 73.00, H 9.27 


A°-Pregnenol-20a (XII)—A solution of 15.4 mg. of 38-chloro-A*-preg- 
nenol-20a acetate (m.p. 167-170°) in 4 cc. of propanol was heated under 
a reflux while 240 mg. of sodium were added in small pieces (47 minutes). 
The reaction product was distributed between ether and water. The 
ether layer was washed with water and yielded 12.5 mg. of residue on 
evaporation. A®*-Pregnenol-20e (XII) crystallized from dilute alcohol in 
fine needles which melted at 134.5-135°. The yield was 11.9 mg. The 
analytical sample was recrystallized from petroleum ether. 


Analysis—C2,Hy,O. Calculated, C 83.388, H 11.33; found, C 83.38, H 11.26 


5.0 mg. of A*-pregnenol-20a in 1.2 cc. of pyridine were acetylated with 
0.6 ec. of acetic anhydride at room temperature for 17 hours. A*-Preg- 


nenol-20« acetate crystallized from methanol in rectangular plates melting 
at 122-123° (4.4 mg.). 


Analysis—C23H36O2. Calculated, C 80.18, H 10.58; found, C 80.08, H 10.58 


SUMMARY 


The urinary excretion products, pregnanediol-3a ,20a, allopregnanediol- 
3a,20a, and A*-pregnenediol-38 ,20a, have been linked with each other by 
reactions not affecting the asymmetric center at C-20, thereby demon- 
strating identical configurations at this site. 

The reduction of A*-pregnenol-38-one-20 acetate with hydrogen and 
nickel and with lithium aluminum hydride has been investigated. 

Allopregnanol-20a-one-3 acetate has been prepared by two independent 
routes. The properties of both preparations are identical, but differ from 
those described in the literature. 

The preparation of A-pregnenol-20a via 36-chloro-A5-pregnenol-20a ace- 
tate is described. 

A compound isolated from the urine of a boy with an adrenal tumor has 
been identified as A>-pregnenediol-38 ,20a 20-monoacetate. 


The authors wish to express their sincere thanks to Dr. Oliver Kamm, 
Parke, Davis and Company, for the allopregnanediol-3a,20e and to Dr. 
Erwin Schwenk for the A>-pregnenol-38-one-20 used in this investigation, 
and to Dr. E. W. D. Huffman for the microanalyses reported. 
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Addendum—While this report was in press, we became aware of two papers on the 
reduction of A5-pregnenol-38-one-20 (45) and its acetate (46) with lithium aluminum 
hydride. Only the earlier paper (45) appeared prior to the submission of this manu- 
script (but after the publication of our preliminary report (1) on this reaction). 
While the melting point found by us for A5-pregnenediol-38,208 diacetate is in exact 
agreement with that given by Klyne and Miller, it is lower than that reported by 
Turner and Voitle (138.5-140°). On the other hand our melting point for the free 
diol is close to that found by Turner and Voitle (211-211.5°) but higher than that 
given by the British workers (201.5-203.5°). Neither of these two groups obtained 
the 20e-epimer in pure form, although Turner and Voitle presented evidence that 
it is formed in the reaction. These investigators also described the reduction of 
i-pregnenolone-20 methyl ether with nickel and obtained after benzoylation and 
acetolysis both 20 isomers of A5-38-acetoxy-20-benzoxypregnene in a ratio of B:a = 
1.6:1. These diesters were converted to the A5-20-benzoxypregnenols-38 and the 
A‘-20-benzoxypregnenones-3. None of these compounds in the @ series of epimers 
agreed in their melting points with the corresponding intermediates described by 





Schwenk et al. (13) in their conversion of A‘-pregnenol-38-one-20 acetate to 20-di- 


hydroprogesterone. It seems no longer warranted, therefore, to draw conclusions| 


from the patent claims (13) as to the stereochemical course of the reduction of A°- 
pregnenol-38-one-20 acetate. Finally Lardon and Reichstein (47) have just shown 
that the product formerly designated as ‘‘iso-K-triacetat’’ is not the triacetate of 
allopregnanetetrol-38 ,17a,20a,21 but a molecular compound of this substance with 
its 20-epimer. The reported reduction (34) of allopregnanetriol-38,17a,21-one-20 
diacetate with nickel therefore yielded the 208 isomer as the main reaction product 
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The ciliated protozoan, Tetrahymena gelett, is known to be similar to 
higher animals in its nutritional requirements. Thus it may utilize gly- 
cogen, starch, and galactose, as well as glucose and sucrose for its carbo- 
hydrate supply (1). In addition, it requires for optimal growth very nearly 
all of the B vitamins known at present and all of the amino acids essential 
to mammalian growth and maintenance (2-4). However, 7. geleii dif- 
fers in requiring certain purines and pyrimidines (5), the amino acid, serine 
(3), and an unknown growth factor, protogen (6). The protozoan also 
differs in that it does not absolutely require an unsaturated fatty acid or 
any of the fat-soluble vitamins (7). 

These nutritional data do not constitute an entirely valid basis for com- 
parison of 7’. geleit with vertebrates. The various cells exist under widely 
different physiological conditions and the nutritional data from higher ani- 
mals are complicated by the general phenomenon of symbiosis with micro- 
organisms. However, the nutritional similarities do suggest metabolic 
studies which would allow a more critical comparison of these extreme 
phylogenetic types within the animal kingdom. Such metabolic studies 
are of much interest from the standpoint of comparative biochemistry. 
Also they offer the possibility of recommending T’. geleit further as a con- 
venient experimental animal. 

This paper presents comparative studies of amino acid metabolism in 
T. geleit. The general method has been to replace or supplement the 
essential amino acids with compounds which are related, either structurally 
or metabolically, to the various amino acids. The results have empha- 
sized the similarities of T. geleii to vertebrate organisms and have, in some 
cases, differentiated it from other microorganisms. 


EXPERIMENTAL 


Organism—T. gelevi, strain E (8), was maintained in nutrient broth 
(peptone, 2 per cent; yeast extract, 0.1 per cent; glucose, 0.1 per cent; and 
sodium acetate, 0.1 per cent) at 25°. Cultures were transferred by loop 


* This work was supported in part by a grant from the Horace H. Rackham School 
of Graduate Studies. 
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inoculation at 2 week intervals. For certain specified experiments, the 
organism was maintained in a highly purified basal medium (2). In either 
case, a culture in its logarithmic growth phase (3 to 4 days) was used to 
prepare the stock inoculum for tests. Because of the continuously chang- 
ing character of 7’. gelezi cultures maintained in the purified basal medium 
(9), the organism grown in peptone medium has been used in practically 
all of the experiments reported. Also, because of this cultural variability, 
the method of serial subculture in the experimental media to verify growth 
effects (7) has not been utilized in this work. 

Growth Test Procedures—In general, the techniques have been those used 
previously (2, 3, 9). For the sparing tests especially, certain precautions 
were necessary to insure the uniformity of inoculations. Each culture tube 
received 0.2 ml. of washed protozoan suspension, delivered rapidly from a 
sterile 1 ml. pipette. A small pipette was essential to prevent appreciable 
stratification of the tells before the suspension was completely discharged. 


Replicate cultures of 5 ml. volume were grown in selected lipless Pyrex | 


test-tubes (15 X 125 mm.). Optical density readings for each culture 
were made immediately after inoculation, and at 24 hour intervals there- 
after, with a Klett-Summerson photoelectric colorimeter (blue filter No. 
42). In general, daily readings were made for 1 week and the cultures 
were kept under observation for an additional 2 weeks. The purified basal 
_ medium! (2) has been used for all of the replacement and supplementation 
tests. 

Replacement Test Procedures—In every case, the compounds to be tested 
were included in the culture medium at a percentage concentration equal 
to that of the related amino acid in the complete basal medium. Aqueous 
solutions of the test compounds were prepared in suitable concentration 
(usually 5 times the desired final concentration) and adjusted to pH 7.3 
+ 0.2, the value for the basal medium. ‘These solutions were added to the 
medium for sterilization by autoclaving at 15 pounds of steam pressure for 
10 minutes. Each compound was tested in the presence of three levels 
(zero, suboptimal, and optimal) of the related amino acid. For control 
tests, media were prepared which contained these same levels of the amino 
acid without the test compound. Suitable suboptimal levels of the amino 
acids were selected on the basis of their production of one-fourth to one- 
third of maximal growth rate (3). In certain cases, this was found to be 
an inadequate criterion. Therefore, several test compounds (e.g., tyro- 
sine) were tested at various suboptimal levels of the amino acids. By our 


1 The basal medium contained eleven amino acids, seven B vitamins, protogen, 
yeast nucleic acid, choline, sodium acetate, glucose, and mineral salts. We are 
indebted to Merck and Company, Inc., for a supply of the amino acids of the basal 
medium and of pure vitamin By». 
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definition, a compound was considered to replace when it allowed growth 
in the absence of an essential amino acid and the compound was considered 
to spare when it enhanced growth in the presence of a suboptimal con- 
centration of an essential amino acid. The selected procedures allowed 
estimation of replacement and sparing of an amino acid and also estima- 
tion of inhibition and reversal of inhibition of growth. 

Materials—The majority of the amino acids and related compounds and 
the growth factors were pure commercial preparations whose qualitative 
purity had been checked when feasible by use in microbiological assays. 
L-Citrulline, L-ornithine, ergothioneine, imidazoleacrylic acid, L-imidazole- 
lactic acid, sodium a-ketoisocaproate, sodium a-keto-8-methylvalerate, and 
sodium phenylpyruvate were available as pure preparations in this labo- 
ratory. Synthetic L-carnosine was obtained from Dr. Vincent du Vig- 
neaud and protogen (6) was generously supplied by Dr. E. L. R. Stokstad. 
Indole and the various indole derivatives were recrystallized from aqueous 
alcohol shortly before use. All test compounds were checked for the pres- 
ence of the related amino acids by appropriate chemical procedures. 

Replacement of Various Amino Acids—Representative data from the 
several replacement and sparing tests are presented in Table I. Although 
daily readings were made, only such data are given as are necessary to 
delineate the significant growth differences. These data are the average 
readings of duplicate or triplicate tubes. Additionally, all results were 
repeated at least once before acceptance. We have arbitrarily taken a 
growth difference of 20 Klett units as significant. Statistical analysis of 
the data has shown such a difference to have a significant probability of 
500:1. A probability of 100:1 is usually considered adequate for biologi- 
cal work. 

Each compound for which comparative data are available is followed by 
a mark of interpretation. The meanings of these marks are as follows: 
(+) agreement with vertebrate animal experiments, (+) doubt as to in- 
terpretation, and (—) disagreement with vertebrate animal experiments. 
The bases for interpretation will be considered subsequently. 

In Table II are listed the inactive compounds which are of interest for 
comparison. 


DISCUSSION 


Our testing procedures have been invariant with respect to concentra- 
tion of the test compounds. Therefore, it would seem possible that some 
growth effects could be missed. There should be no question that the 
concentrations are not high enough, since they equal the optimal levels of 
the amino acids. However, there is the possibility of inhibitory effects 
which would mask stimulatory effects at low levels. In these experiments, 





TABLE I 


Replacement and Supplementation of Amino Acids for T. geleii E 








| 


| 





Amino acid Test compound 
| 
| 
DL-Serine | 
| Glycine 
| t-Cysteine 
L-Leucine 


pt-Isoleucine 


pt-Methioninet 


L-Arginine hydro- 
chloride 


pi-Phenylalanine 


L-Histidine hydro- 
chloride 


L-Histidine hydro- 
chloride 
L-Tryptophan 





Na a-ketoisocaproate 


Na a-keto-§-methyl- 
valerate 


| pt-Norleucine 


L-Cysteinet 


| pL-Homocystinet 





| 


| L-Citrulline 


L-Ornithine 

Creatine 

Na phenylpyruvate 
pL-Tyrosine 
Lt-Carnosine 
Histamine 
t-Imidazolelactic acid 
Indole (or skatole) 


Indole-3-acetic acid§ 


Indole-3-propionic 
acid|| 





£ | Growth period 
S 


co CO &> 


“Soe & 
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Growth (Klett units) 
—_— acid Test compound added 
Sub-| Opti- Subop-| Opti- 
op- Zero |“; 
timal| evel | level | fevel | level 
30 | 300 0| 30 300 

44 68 0 0 65 
39 | 65 0 2 | 434 
150 
3 | 75 0 3 | 75 
35 | 66] 14] 67] 67 
61 | 61] 45) 70) 72 
8| 75 0 8| 75 
33 | 70 0| 59] 68 
66 
3| 75 0 3] 75 
54 | 64 0} 34] 64 
8 | 100 0 8 | 100 
56 | 85 0} 93) 87 
70 | 103 0 | 116 | 123 
75 | 101 0} 96 | 107 
24 | 600 0} 24 600 
18} 63 0} 62] 71 
18 71 0 75 65 
30 | 70 0} 56) 63 
35 | 46 0| 70} 58 
6 | 150 0 6 | 150 
25| 76| 68] 73) 75 
15 | 150 0 15 | 150 
39 | 72 0} 72] 88 
6 | 150 0 6 | 150 
10 73 68 73 72 
10 69 0 20 57 
20 61 0 36 50 
15 | 150 0}; 15) 150 
24 79 0 65 72 
6 | 150 0 6 | 150 
67 80 0 0 0 
34| 62] 0| 25] 301 
75 80 0 56 64 | 
3 | 150 0 3 | 150 
| 23 63 0 6 24 | 
41 78 0 9 57 | 
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Comparison to 
vertebrates 


| 


I+ + + +++ + + + 


st 





The concentration of the amino acids is in micrograms per ml. in bold face. 
* The amino acid blank readings were 0 + 3 for acceptable data; thus they are not 
tabulated. 
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TasiEe I—Concluded 


+ The methionine tests were performed in a basal medium with a 3-fold level of 
nucleic acid. This caused somewhat higher growth in the complete media. 

t The solution was sterilized by filtration and added aseptically to the auto- 
claved medium. 

§ This compound inhibited completely at pH 6.3. 

|| The test was performed at pH 6.5; at pH 7.3, this compound had no effect. 











TABLE II 
Compounds Inactive for T. geleit E 
Amino acid | Test compound ne + 
L-Leucine pL-Norleucine + 
pt-Isoleucine + 
pL-Isoleucine L-Leucine a= 
pL-Methionine Choline (100 y per ml.)* — 
Vitamin Biz (0.001 y per ml. )* _ 
L-Tryptophan Indole-3-butyric acid + 
L-Arginine Putrescinet ote 
L-Asparaginet 
t-Glutamic acidt 
L-Histidine i = + 
Imidazoleacrylic acid + 
ot 


Ergothioneine 





| 

* These compounds were tested in the presence of pt-homocystine. 

+ Putrescine consistently stimulated early growth by a small amount. 

t These compounds were tested in the presence of t-citrulline. .-Asparagine 
usually prolonged the period of maintenance of maximal culture density. Work in 
progress has shown that aspartic and glutamic acids are synthesized in excess by 
this organism and thus their lack of effect is readily understood. 





only two compounds, indole and skatole, have caused pronounced inhibi- 
tion at the usual pH value. These compounds have been tested at con- 
centrations which are acceptable to other microorganisms (10). Also sepa- 
rate tests on vigorous cultures in the peptone medium have shown indole 
to be quite toxic, a concentration of 100 y per ml. killing all organisms in 2 
hours. ‘Thus this compound is of such toxicity as to inhibit growth com- 
pletely at any concentration practical for replacement tests. 

In the comparative interpretation of these data, two factors especially 
should be considered. The first is that the ratio of total dietary amino 
acids to initial cellular (or body) amino acids is much greater for protozoan 
experiments than for vertebrate experiments.2?, Thus the tests with T. 
geleii are a more severe strain on metabolic capacity and, accordingly, a 
sparing effect in protozoan tests could well be equivalent to a replacement 


? An admittedly approximate calculation gives this difference as 70-fold. 
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for vertebrates. Conversely, a compound which replaces an essential 
amino acid for vertebrates may well replace quite slowly or only spare the 
amino acid for the protozoan. The second factor to be considered is that 
the commonly studied vertebrates (rat, dog, chick, and man) show specie 
differences in amino acid metabolism. Therefore, the protozoan needs to 
show only some degree of utilization of certain compounds in order to be 
similar to the vertebrates. The interpretations of results shown in Tables 
I and II have been decided with consideration of the above factors. 

The experimental data for serine cannot be compared exactly, inasmuch 
as serine is not essential for any higher animals. However, current con- 
cepts of serine metabolism suggest that both glycine (11) and cysteine (12) 
could spare it. Such was not at all the case here, for both compounds were 
somewhat inhibitory. However, cysteine did very slowly replace serine; 
thus suggesting some degree of interconvertibility of the two compounds. 
The lack of stimulatory effect of glycine differs from results with chicks 
(13) and 7. geleit W (4) but agrees with data from other animals (14, 15). 
The presence of acetate in the medium may have precluded any effect of 
glycine. 

The prolonged growth lag observed with cysteine led to tests of viability 
of the inocula in culture tubes in which growth had not developed within 
3 weeks. In a majority of cases, the organisms were found to be motile 
and, furthermore, addition of the lacking amino acid would cause the 
prompt development of protozoan growth. This maintenance of viability 
in amino acid-deficient media is a remarkable feature of these organisms 
and must contribute considerably to their power of adaptation (9). 

The protozoan tests with leucine have yielded results quite similar to 
those for rats (14, 15); 7.e., the keto derivative fully replaced the amino 
acid and the other compounds were inactive. Results with isoleucine were 
somewhat different in that norleucine was slightly inhibitory (but only 
at the lowest level of isoleucine) and a-keto-8-methylvalerate replaced the 
amino acid poorly. Significantly, the keto compound allowed half maxi- 
mal growth in 4 days for an adapted culture (7.e., one maintained in the 
purified basal medium), thus indicating that the replacing capacity was 
constitutive. Leucine and isoleucine have shown no mutual growth an- 
tagonisms (4) in these studies. 

The study of methionine metabolism was especially difficult because of 
the great variation of results with homocystine. The methionine-replac- 
ing effects of this compound ranged from none to almost complete replace- 
ment. In this series, culture variation was without effect. The only 
known variable was the protogen supply. The data, which show a moder- 
ate sparing effect, were obtained with the purest protogen preparation thus 


* Culture purity was verified. 
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far received. Since the protogen is obtained from liver (6), it seems most 
reasonable to assume that some of the protogen preparations have con- 
tained the unknown liver extractive (LEL factor) (16), which allowed T. 
geleit W to utilize homocystine in place of methionine (17). The inac- 
tivity of choline (15) and vitamin By2 (18) demonstrated that they were 
not active constituents of the liver factor. This inactivity also constitutes 
a distinct difference between 7’. geleit and vertebrates. However, the spar- 
ing effects of homocystine and cysteine are similar to those in vertebrates 
(14, 15). 

From a consideration of the Krebs-Henseleit mechanism proposed for 
urea synthesis in mammalian liver (15), one would predict that ornithine 
and citrulline should replace arginine for 7’. geleiz if that cycle is operative. 
In chicks, which lack an arginase for the cycle, citrulline spared arginine 
but ornithine did not (13). In rats, which can synthesize arginine slowly, 
both citrulline and ornithine replaced arginine (15) (or spared it greatly). 
The data for the protozoan are intermediate. For peptone-cultured T’. 
geleit EK, which requires arginine, both ornithine and citrulline could spare 
arginine markedly but could not replace it completely. However, for 
adapted 7’. geleit E, which can synthesize arginine slowly, citrulline and 
also ornithine plus asparagine could replace arginine (9). On the whole, 
these data suggest that the Krebs-Henseleit cycle does operate in T’. geleii. 
Creatine spared arginine moderately for the protozoan, just as for the 
chick (13). Putrescine uniformly stimulated early growth in the basal me- 
dium, but the effect was so small as to be of doubtful significance. 

The results with phenylalanine are in excellent agreement with data on 
animals (14, 15). Phenylpyruvate completely replaced phenylalanine and 
tyrosine spared it moderately. However, tyrosine spared phenylalanine 
only when the level of phenylalanine was sufficient to allow half maximal 
growth. This phenomenon, of course, increased the amount of testing. 
It also allowed the possibility that other sparing activities were missed be- 
cause of the limits of accuracy set for the testing procedures (20 Klett units 
or about 25 per cent of the maximal growth level). However, such sparing 
activities were considered minor in importance. Tyrosine has not spared 
phenylalanine for bacteria which specifically require it (19) and, in fact, 
one organism, a phenylalanineless mutant strain of Escherichia coli, has 
been reported to synthesize tyrosine from substances other than phenyl- 
alanine (20). Thus in this respect 7’. geleii has differed from other micro- 
organisms. 

In the replacement of histidine by carnosine, T’.. geleit again has differed 
from other microorganisms and resembled the higher animals (21). How- 
ever, there is one bacterial species known, Corynebacterium diphtheriae, 
which can utilize carnosine slowly in place of histidine (22). The ready 
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utilization of carnosine suggests the use of 7’. geleii as a more convenient 
assay organism. The good sparing action of imidazolelactate for histidine 
and the inactivity of glutamate, ergothioneine, and imidazoleacrylate were 
in substantial agreement with animal data, with the exception that glu- 
tamate has been reported to be stimulatory to chicks (13). Histamine, 
in view of its specialized function in vertebrates, could not be expected to 
compare well in Protozoa, and such was the case. Other than for a border 
line sparing effect, it was found to be ineffective. 

As previously mentioned, indole was very toxic to 7. geleti. This is 
likewise true for various other animals. In dogs, a dosage of 60 mg. per 
kilo, given intravenously or intraperitoneally, was fatal within 5 minutes 
(23). In contrast, for lactic acid bacteria indole (plus serine) replaced 
tryptophan and did not appear toxic in any way (10). A similar, but less 
well defined, situation exists for the various indole acids. Both indole-3- 
acetic acid and indole-3-propionic acid were toxic to mice, the latter being 
the less toxic (24). The same order of toxicity held for T. geleiz, although 
neither compound was highly toxic at pH 7.3. At pH 6.5, both compounds 
were rather toxic. A similar effect of pH of the injected solutions was also 
noted with mice (24). For Lactobacillus arabinosus, it has been shown 
that indole-3-acetate enhances growth considerably in the presence of high 
levels of nicotinamide (25). However, many contradictory data have been 
reported for the effect of this compound on other bacteria. It should be 
mentioned additionally that both tryptophan and nicotinamide are re- 
quired by 7’. geleit and thus it differs from many animals in its inability to 
convert tryptophan to nicotinic acid derivatives (2, 26). 

These studies have demonstrated points of similarity and of difference 
between 7’. geleii EK and vertebrates. However, an examination of Tables 
I and II demonstrates that the points of similarity greatly predominate; 
thus there are twenty-two (+) markings, two (+), and only four (-) 
markings. Perhaps the most pronounced differences have been with re- 
spect to sources of methyl groups. Such groups apparently are required 
(17), but neither choline nor vitamin By. can supply them. On the other 
hand, 7’. geleit seems to be very similar to higher animals in its sensitivity 
to toxic agents and in its ability to utilize various derivatives of the amino 
acids. This protozoan may well be considered a useful and convenient 
experimental animal for metabolic studies. It is of potential value as an 
assay organism. However, its slow but full growth response to suboptimal 
levels of several amino acids does not recommend it for general application 
in amino acid assay procedures. 


SUMMARY 


In the comparative study of Tetrahymena geleii K, some twenty-four 
compounds have been tested for their ability to replace eight of the eleven 
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amino acids essential for this ciliated protozoan. The results have demon- 
strated a marked similarity of amino acid metabolism for higher animals 
and 7’. gelezi. Thus citrulline, ornithine, and the a-keto derivatives of 
phenylalanine, leucine, and isoleucine have shown both replacing and spar- 
ing activity. Tyrosine, creatine, cysteine, and homocystine had only spar- 
ing activity. Carnosine was utilized readily, but several indole derivatives 
showed toxicity for 7’. geleti comparable to that in higher animals. How- 
ever, neither choline nor vitamin B,2 could supply methyl groups for the 
protozoan despite the fact that cysteine and homocystine could spare 
methionine. Cysteine very slowly replaced serine, but glycine was mildly 
inhibitory. Several amino acid metabolites which have been shown to be 
inactive for vertebrates were also inactive for T’. geleiz. 
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EVIDENCE FOR AN INTERRELATIONSHIP BETWEEN 
VITAMIN By, AND PANTOTHENIC ACID* 


By H. YACOWITZ,} L. C. NORRIS, anp G. F. HEUSER 


(From the Agricultural Experiment Station and the School of Nutrition, 
Cornell University, Ithaca, New York) 


(Received for publication, April 11, 1951) 


Interrelationships have been shown to exist between vitamin By. and 
amino acids in general (1), methionine (2, 3), glycine (4), choline (2, 5, 6), 
betaine (6), folic acid (7, 8), and ascorbic acid (7). An interrelationship 
has also been revealed between factors, now known to be identical with 
vitamin Bye and the level of protein in the diet (9, 10). These relation- 
ships indicate that the functions of vitamin B,2 are intimately associated 
with those of many nutrients. An investigation was, therefore, under- 
taken at this laboratory to determine whether other interrelationships 
exist. The investigation included studies on the influence of vitamin Biz 
on the requirement for pantothenic acid, the results of which are pre- 
sented in this report. 


EXPERIMENTAL 


Day-old single comb white Leghorn chicks were divided into groups ac- 
cording to weight and distributed into uniform lots. The chicks were 
identified by numbered wing bands and placed in electrically heated bat- 
teries having wire mesh floors. Feed and water were supplied ad libitum 
and the chicks were weighed weekly. 

The basal diet was composed of isolated soy bean protein! 39.5, cerelose 
48.6, ground cellophane 3.0, soy bean oil 2.5, pt-methionine 0.6, glycine 
0.3, dicalcium phosphate 1.7, ground limestone 1.1, dibasic potassium phos- 
phate 0.8, iodized salt 0.5, magnesium sulfate 0.5, orthophosphoric acid 
0.016, ferrous sulfate (7H.O) 0.054, manganese sulfate 0.032, zine chloride 
0.001, potassium iodide 0.003, copper sulfate (5H.O) 0.00145, cobalt chlo- 
ride (6H2O) 0.0002. The diet was supplemented with vitamins, in mg. 
per 100 gm., as follows: stabilized vitamin A concentrate? 375, activated 


* This work was aided by grants to Cornell University by the Nutrition Founda- 
tion, Inc., New York, and the Cooperative G. L. F. Exchange, Ithaca, New York. 
A preliminary report of the work was presented at the annual meeting of the Poultry 
Science Association, August 22-25, 1950 (Poultry Sc., 29, 787 (1950)). The work was 
also presented by H. Yacowitz in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy at Cornell University, September, 1950. 

t Present address, Parke, Davis and Company, Detroit 32, Michigan. 

1 “Alpha protein’? obtained from The Glidden Company. 

*“Nopeay,’” 4000 i.u. of vitamin A per gm., obtained from the Nopco Chemical 
Company. 
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animal sterol’ 100, a-tocopherol acetate 4, choline chloride 200, 7-inosito 
100, menadione 1.0, niacin 5.0, thiamine hydrochloride 1.0, riboflavin 1.), 
pyridoxine hydrochloride 1.0, folic acid 0.2, biotin 0.02. No vitamin B, 
or pantothenic acid was included in the diet which was mixed fresh ever 
2 weeks and stored at a temperature of approximately 4° until used. 

The chicks used in Experiment 1 were of mixed sex and were hatched 
from eggs obtained from vitamin B,.-depleted hens fed a 25 per cent pro- 
tein, all vegetable diet (11); each lot contained from twenty-three to twen- 
ty-five chicks. Male chicks with normal vitamin Bi reserves, from 1 
commercial hatchery, were used in Experiment 2; each lot contained twenty 
chicks. The quantities of pantothenic acid and vitamin By supplied the 
various lots of chicks in Experiments 1 and 2 are given in Tables I and I] 
respectively. 

Free pantothenic acid in liver and breast muscle was determined micro- 
biologically with Lactobacillus arabinosus. ‘The medium was similar to that 
of Skeggs and Wright (12). All samples were removed and frozen in- 
mediately after the chicks were sacrificed and were assayed as promptly 
thereafter as possible. Pooled liver or muscle homogenates were steame( 
for 10 minutes in phosphate buffer at pH 6.8 and filtered, and the filtrate 
assayed for free pantothenic acid. The livers were assayed for vitamin 
By with Lactobacillus leichmannii 4797 in the medium of Peeler, Yaco- 
witz, and Norris (13). The pooled liver homogenates were autoclaved t 
15 pounds pressure for 30 minutes in acetate buffer at pH 4.5 and filtered 
and the filtrates assayed. The vitamin Bi, values were corrected for de- 
soxyribosides by a procedure based on the work of Broquist et al. (14), 
The livers were autoclaved at pH 12.0 for 30 minutes at 15 pounds pres 
sure and the vitamin By, activity of the autoclaved sample was subtracted 
from the amount found in the unautoclaved sample. 


RESULTS AND DISCUSSION 


Data for the various lots of chicks in Experiment 1 are given in Table |. 
The pantothenic acid requirement of the chicks receiving 0.2 y of vitamin 


By was 2 mg. of calcium pantothenate per 100 gm. of ration, while the} - 


chicks receiving an adequate level of vitamin By, (2 y per 100 gm.) re 
quired only 1 mg. of calcium pantothenate. These data show that vita 
min Bye exerted a sparing action on the pantothenic acid requirement for 
growth. The adequate level of vitamin By. almost completely prevented 
mortality and dermatosis and improved feathering, but the pantothenic 
acid requirement for normal feathering appeared to be considerably greatet 
than 1 mg. of calcium pantothenate per 100 gm. of diet. 


3 “Delsterol,’’? 2000 A. O. A. C. chick units of vitamin D per gm., obtained from 
i. I. du Pont de Nemours and Company. 
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The data obtained in Experiment 2 are presented in Table II. In the 
absence of vitamin By. the pantothenic acid requirement of the chicks 
was 2 mg. of calcium pantothenate per 100 gm. of diet, while in the pres- 


TABLE I 
Sparing Effect of Vitamin Biz on Requirement for Pantothenic Acid 


Experiment 1—White Leghorn chicks from vitamin Bi2-depleted hens; twenty- 
three to twenty-five chicks per lot at start. 




















| 
Calcium panto- Vitamin Bie Average weight . Incidence of Incidence of r 
bp Net per 100 gm. diet at 4 wks. Mortality dermatosis | fates 
: | 
mg. ¥ gm. | per cent | per cent | per cent 
1 0.2 us | 20 | 60 | 68 
2 0.2 167 | 0 0 0 
1 2 253 4.3 4.3 35 
2 2 252 4.3 | 0.0 0 
ees | 
TaBLeE II 


Mutual Sparing Action between Vitamin Biz and Pantothenic Acid 
Experiment 2—Twenty white Leghorn male chicks per lot at start. 





1 ! 
Calcium panto- 




















Sone pertivem det) MSCEMS™* | Movaiiy BSc! | Semttct 
mg. ¥ | gm. | per cent | per cent per cent 
0.0 0 75 90 | 40 75 
0.25 0 91 30 95 88 
0.5 0 126 0 70 57 
0.75 0 220 0 5 25 
1.00 0 263 0 0 
2.00 | 0 290 0 0 
0.0 | 2 80 95 45 100 
0.25 2 100 15 100 93 
0.5 2 184 | 0 5 25 
0.75 2 284 | 0 0 
1.00 | 2 ae 0 0 | 
2.00 | 2 290 0 0 





* Severity scored from 1 to 4; per cent severity = (total score X 100)/(incidence 
X 4), 





ence of adequate vitamin By. the requirement was reduced to about 0.75 
ng. 2 mg. of calcium pantothenate alone supported growth equal to that 
dbtained with 0.75 mg. of pantothenate plus 2 y of vitamin By. A mutual 
sparing action, therefore, was shown to exist between the pantothenic 
acid and vitamin By. requirements for growth of normal chicks. The ob- 
*rvations on mortality and on the incidence and severity of dermatosis 
Table IL) provided further evidence of this mutual sparing action. The 
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vitamin Bj: stores of the normal chicks used in Experiment 2 apparently 
satisfied the other needs for this vitamin, thus allowing pantothenic acid 
to exert the sparing action. 

Lotspeich (15) reported that adult female rats can be made to develop 
an acute pantothenic acid deficiency when stimulated to grow rapidly by 
the continued injection of anterior pituitary hormone. This observation 
demonstrated that the pantothenic acid requirement is increased as the 
growth rate is increased. The fact that vitamin By: increased the growth 
rate of chicks in our experiments and yet decreased the pantothenic acid 


TaBLeE III 


Effect of Dietary Vitamin By. on Amount of Free Pantothenic Acid in Liver and 
Breast Muscle 




















moednenenin. | Vapin Mare | coking, | Petizicaett | pases ot 
7 mg. 7 per gm. y per gm. 
1 0.2 1.0 126 
0.2 2.0 186 
2 0 0.0 11 
0 0.25 37 1.25 
0 0.5 42 2.2 
0 0.75 75 1.8 
0 1.0 101 4.5 
0 2.0 138 7.0 
1 2 1:0 52 
2 2.0 58 
2 2 0.0 9.3 
2 0.25 25 0.89 
2 0.5 44 1.8 
2 0.75 45 2.5 
2 1.0 54 4.6 
2 2.0 57 8.1 





| 
| 


requirement makes the sparing action of vitamin By. on pantothenic acil 
even more striking. The mutual sparing action between vitamin By» ani 
pantothenate may help to explain the divergent results reported on thi 
pantothenic acid requirements of chicks (16-18). 


To study further the interrelationship between vitamin By. and pante- 


thenic acid, determinations were made of the amount of pantothenic aci 
in the liver and muscles of the chicks. The results, presented in Table II! 
show that vitamin By. markedly decreased the free pantothenic acid lev 
in the liver. The effect of vitamin Bi. was greatest at the higher levels ‘ 
pantothenic acid. Vitamin Bys, on the other hand, had no significant ¢ 
fect on the pantothenic acid content of breast muscle. 


Lipmann et al. (19) reported that coenzyme A contains pantothenic ac 
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and noted that pantothenic acid bound in the form of coenzyme A is not 
active for L. arabinosus. Kaplan and Lipmann (20) found that most of 
the pantothenie acid in tissues is present in coenzyme A. Novelli e¢ al. 
(21) determined the free and bound pantothenic acid in various tissues 
and organs of a normal rabbit. These investigators found that only a 
small fraction of the total pantothenic acid in rabbit liver exists in the 
free form, indicating that rabbit liver is rich in coenzyme A. Rabbit 
skeletal muscle, on the other hand, was found to contain a high proportion 
of free pantothenic acid. 











TaBLe IV 
Effect of Feeding Graded Levels of Calcium Pantothenate on Vitamin Bi: Content 
of Liver 
Vitamin Biz of livers 
Calcium pantothenate per 100 gm. diet 
No vitamin Biz in diet 2 y vitamin Bi: in diet 
a mg. mugm. per gm, mpgm. per gm. 
0 10.6 155 
0.25 9.1 180 
0.5 4.8 200 
0.75 2.7 164 
1.0 3.4 188 
2.0 2.6 193 











The results of Experiment 2, showing that vitamin By: decreases the 
amount of free pantothenate in liver, may be an indication that vitamin 
By aids in the conversion of free pantothenic acid to coenzyme A. In 
muscle, which normally contains a high proportion of free pantothenate, 
vitamin By had no effect, thus supporting this hypothesis. 

The vitamin By content of the livers of chicks receiving graded levels 
of calcium pantothenate is given in Table IV. In the absence of dietary 
vitamin By, increasing the levels of calcium pantothenate decreased the 
vitamin Bis content of the livers. This effect may be due to the better 
growth of chicks fed the higher levels of pantothenic acid, with resultant 
more rapid exhaustion of their vitamin By stores. In the presence of 
adequate vitamin Bis, calcium pantothenate had no consistent effect on 
the vitamin By content of the liver. 


SUMMARY 


Vitamin By. was found to spare the pantothenic acid requirement for 
yrowth, survival, and the prevention of dermatosis in chicks obtained from 
vitamin Byo-depleted hens and in chicks with normal reserves of vitamin 
By. In turn pantothenic acid showed a sparing effect on the vitamin By» 
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requirement for growth of normal chicks. The pantothenate requirement 
of chicks obtained from vitamin By,.-depleted hens was greater than the 
requirement of chicks obtained from normal hens. 

The free pantothenate content of the livers of chicks supplied an ade- 
quate amount of vitamin B,,. was markedly decreased as compared with 
livers of chicks receiving no dietary vitamin By. The free pantothenate 
content of breast muscle was not affected by dietary vitamin By. 

The vitamin B,2 concentration in the livers of chicks receiving no dietary 
vitamin Bj. was reduced as the pantothenate content of the diet was in- 
creased. Dietary pantothenate, however, had no effect on the vitamin 
By. content of livers obtained from chicks receiving adequate vitamin B,, 


The authors are indebted to Betty F. Brown and Diana M. Cameron 
for technical assistance in conducting the microbiological assays. 
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THE HYDROLYSIS OF STEROID GLUCURONIDES WITH CALF 
SPLEEN GLUCURONIDASE* 


By SAUL L. COHEN 


(From the Department of Physiological Chemistry and the Max H. Hoffman 
Endocrinological Research Laboratory, University of Minnesota Medical 
School, Minneapolis, Minnesota) 


(Received for publication, April 12, 1951) 


It has long been recognized that the relatively severe acid hydrolysis 
necessary to release steroids from their conjugates in urine may result in 
considerable losses or transformations (8, 4). The isolation of steroid 
glucuronides (5-7) and of steroid sulfates (8, 9) from human urines has led 
to the belief that most, if not all, of the urinary steroid conjugates exist as 
glucuronides or as sulfates. The separate hydrolysis of these two types of 
conjugates seems to offer the greatest possibility of development of less 
drastic hydrolytic procedures than those employing strong acids at high 
temperatures. The development of such specific hydrolytic procedures 
was felt highly desirable in connection with our studies designed to permit 
the isolation of a greater number of urinary steroid conjugates than have 
hitherto been characterized. The concentration of a specific group of 
steroid conjugates could thus be readily followed. 

The possibility of an enzymatic hydrolysis of conjugated steroids was 
first apparent in the observation of Cohen and Marrian in 1935 (10) that 
prolonged exposure of pregnancy urine to bacterial action resulted in a 
complete hydrolysis of the conjugated estrogens. Subsequent identifica- 
tion of a considerable portion of this estrogen as estriol glucuronide indi- 
cated the involvement of some bacterial glucuronidase in this hydrolysis. 
Shortly thereafter Patterson (11) used preparations of Escherichia coli to 
effect a hydrolysis of the conjugated estrogens in early pregnancy urines, 
thus obtaining estrogen concentrates which on colorimetric assay gave a 
considerably reduced amount of interfering background chromogen. In 
1939 Fishman (12) reported on the ability of preparations of ox spleen 
8-glucuronidase to effect hydrolysis of pure sodium estriol monoglucu- 
ronidate. Rat liver preparations were subsequently used by Talbot et al. 
(13) and by Mason and Kepler (14) for the hydrolysis of Cy- and Ca- 
steroid glucuronides. In 1949 Buehler et al. (15) reported on the successful 

*This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service, and the Graduate School of 


the University of Minnesota. For the preceding papers on the conjugated steroids, 
see Cohen (1) and Bitman and Cohen (2). 
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use of a glucuronidase preparation of bacterial origin for effecting an eff- 
cient hydrolysis of steroid glucuronides. The experiments reported in this 
paper involve glucuronidase concentrates prepared from calf spleen and 
were based upon a desire to utilize a readily available and easily concen- 
trated source of the enzyme. Studies on the hydrolysis of the conjugated 
corticoids, ketosteroids, and estrogens in urine and with pure sodium preg- 
nanediol glucuronidate and sodium estriol glucuronidate with such glucu- 
ronidase concentrates were made, and quantitative procedures for the 
hydrolysis of urinary ketosteroids and corticoids were evolved. 


Methods of Assay 


Glucuronidase activity was measured by the procedure of Fishman et al. 
(16); 1 unit of glucuronidase is defined as the amount of enzyme which 
liberates 1 y of phenolphthalein per hour from the substrate phenolphtha- 
lein glucuronide. 

Urinary corticoids were assayed by the modified formaldehydogenic 
procedure of Corcoran and Page (17) as recommended by Mason and 
Sprague (18). Acid hydrolysis was effected by adjusting the urine speci- 
mens to pH 1.0 with concentrated HCl and subjecting to continuous 
extraction for 24 hours through 0.5 volume of CHCl; at room tempera- 
ture (19). 

17-Ketosteroids were determined on the neutral ketonic fractions of 
samples of urine prepared and assayed as previously described (4). The 
acid hydrolyses were effected by refluxing the urine specimens with 15 per 
cent by volume of concentrated HCl for 10 minutes. 

The estriol and estrone fractions of pregnancy urine were approximately 
separated by the procedure of Cohen and Marrian (20). The estrogen 
concentrates were assayed by the method of Stevenson and Marrian (21). 

Glucuronic acid was determined by the method of Maughan, Evelyn, 
and Browne (22). 


EXPERIMENTAL 


Preparation of Glucuronidase Concentrates—Calf spleen is a very potent 
tissue source of 6-glucuronidase and was therefore used as the enzyme 
source material in these investigations. Enzyme concentrates are prepared 
from dried defatted calf spleen! by a procedure based on that suggested 
by Fishman and Talalay (23).? 

100 gm. of spleen are homogenized once with 400 cc. and then four times 


1 The calf spleen used as the initial source of glucuronidase concentrate prepara- 
tions was obtained in large part from the VioBin Corporation, Monticello, Illinois. 
One 5 pound lot of dried spleen was prepared in our laboratory by extracting ground 
fresh calf spleen several times with acetone and then drying and powdering the 
insoluble portion. 

2 Personal communication from Dr. Fishman. 
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with 200 ec. volumes of 0.1 N acetate buffer, pH 4.5. After each homo- 
genization the mixture is centrifuged and the supernatant clarified by 
filtration. The combined filtrate is precipitated by half saturation with 
ammonium sulfate. The precipitate is removed by centrifugation, dis- 
solved in about 200 cc. of water, and dialyzed against cold tap water for 
16 to 24 hours. The precipitation with (NH,4)2SO, is repeated and the 
precipitate dissolved in a small volume of water (80 to 100 cc.). A sum- 
mary of the enzyme concentrations typically effected by this procedure is 
shown in Table I. It is seen that a 60-fold increase in activity is effected 
with a loss of about 30 to 40 per cent of the original total activity. The 
greatest losses occurred during the dialyses, and were often considerable in 
the second dialysis (Fraction 6, Table I); this second dialysis is therefore 


TABLE I| 
Enzyme Concentrations Effected by Fishman Procedure 

















— Stage of purification Glucuronidase activity* 
me total units per 100 | units per | units per 
gm. dried spleen gm. solids mg. N 
1 Crude spleen icc. deca eran 4,200 | 
2 Bue estrxebs onc 605. Sane ces 350,000 12,000 | 200 
3 Tet CNE)SOR PDUs ss ec. ns.n0c4 se 340,000 14,000 | 
4 Non-dialyzable material of (3)..... 300,000 75,000 | 600 
5 2nd (NH 2) SOCpDt. ..2.- =.-24 <5.08)-- 290 ,000 18,000 
6 Non-dialyzable material of (5)..... 270,000 280 ,000 | 1900 





* These data are averaged from concentration processes effected on 600 gm. of 
dried calf spleen. 


omitted in the routine preparations. The glucuronidase concentrate is 
refrigerated when not in use; under these conditions it is stable for at least 
2 months. 

Kerr, Levvy, and Walker (24) have reported that more potent glucu- 
ronidase extracts can be prepared from mouse livers with citrate buffer 
than with acetate buffer. Attempts were therefore made to prepare glucu- 
ronidase concentrates from spleen with citrate instead of acetate buffer in 
the initial extractions. The great difficulty in clarifying the citrate buffer 
extract and subsequent solutions from fatty material, and the high blank 
formaldehydogenic values obtained with such extracts, soon led to the 
abandonment of these attempts. 

Blank Control Assays—These assays were carried out by dissolving en- 
zyme concentrate (about 5000 units) in 0.1 N buffer, pH 4.5, and incubating 
at 38° for 1 to 5 days. After incubation the solutions were subjected to 
the extraction and assay procedures used for the various steroids studied 
in this investigation. 
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Corticoids—A considerable formaldehyde color is obtained in the control 
blank corticoid assay. Since the enzyme-released corticoid determinations 
are carried out on about 25 cc. of urine (see below), the calculation of for- 
maldehydogenic corticoids per liter of urine may involve a 10 to 50 per cent 
error (2 to 3 mg. of “corticoids” per liter of urine). These enzyme blank 
assays are fairly constant for any one batch of glucuronidase preparation. 
A blank correction factor is therefore determined for all new batches of 
glucuronidase preparations. All the corticoid assays involving enzyme 
hydrolysis of the urine specimens reported in this investigation are cor- 
rected for these blank control assays. 

Ketosteroids and Estrogens—No significant ketosteroid or estrogen chro- 
mogen was detected for the enzyme blank controls when up to 20,000 units 
of 6-glucuronidase were used from several different enzyme batches. 

Pregnanediol—When pregnanediol assays were carried out by the colori- 
metric procedure of Talbot et al. (25) on ether extracts of enzyme blank 
control samples, a considerable amount of color was obtained. The use 
of pregnanediol assays in studies of glucuronidase hydrolysis of pure preg- 
nanediol glucuronide thus appeared to involve preliminary purification 
studies to eliminate this interfering chromogen. Fortunately, however, 
assays on the liberated glucuronic acid could readily be effected without 
such interference and these were substituted for pregnanediol assays in 
_ studies on the enzyme hydrolysis of pregnanediol glucuronide. 

Glucuronic Acid—No significant chromogen was apparent in the enzyme 
blank controls when these were subjected to the glucuronic acid assay pro- 
cedure (22). In order that the released glucuronic acid could be used as 
an index of the degree of hydrolysis of pregnanediol glucuronide, the fol- 
lowing relatively simple procedure for their separation from each other was 
devised. 


Separation of Free Glucuronic Acid from Pregnanediol Glucuronide 


The aqueous solutions of hydrolyzed pregnanediol glucuronide are ad- 
justed to pH 2 to 3 and extracted four times with 0.25 volume of butanol. 
Glucuronic acid assays are then carried out on the residues of suitable 
aliquots of the butanol and aqueous fractions. The effectiveness of such 
a procedure was demonstrated in a series of experiments in which samples 
of pregnanediol glucuronide (NaPG) and of glucuronic acid (GA) were 
added separately or together to 50 to 100 cc. of water and then subjected 
to the fractionation procedure outlined above. In one such experiment, 
for example, a solution of NaPG containing the equivalent of 650 y of 
glucuronic acid resulted in a GA assay of 600 y in the butanol extract 
and none in the aqueous extract, while a solution of 2.0 mg. of glucuronic 
acid resulted in its quantitative appearance in the aqueous extract. A 





the 
eX] 


pai 


rel: 
ter 


ba 
hy 
lib 
tra 
ass 
inv 
uri 
tar 


por 
Sel 
the 


am 
wel 
ine 
pre 
am 
spe 
wit 
the 


eith 
val 
me. 
of ¢ 
twe 


Pen 


rol 
ys 
or- 
ent 
ink 
on. 
: of 
me 
0r- 


nits 


lori- 
ank 

use 
reg- 
tion 
ver, 
nout 
Ss in 


yme 
pro- 
das 
» fol- 
was 


le 
2 ad- 
anol. 
table 
such 
nples 
were 
ected 
ment, 
v of 
<tract 


ironic 
‘. a 





Ss. L. COHEN 151 


mixture of NaPG (containing an equivalent of 650 y of GA) + 500 y of 
glucuronic acid yielded 480 y of GA in the aqueous extract and 640 y in 
the BuOH extract. These data, as well as those obtained in several similar 
experiments, indicate the separation of free glucuronic acid into the aqueous 


phase and of the pregnanediol glucuronide into the butanol phase in these 
partitions. 


Effect of Preliminary Sterilization of Urine Prior to Enzyme Hydrolysis 


Since only urine specimens collected under very rigid conditions are 
relatively free of bacterial contamination, it was thought desirable to de- 
termine the effect of such contamination on the steroid content of urines 
hydrolyzed with preparations of spleen glucuronidase. The presence of 
bacterial glucuronidase would tend to speed up the rate of glucuronide 
hydrolysis but to have no effect on the maximum yield of glucuronidase- 
liberated steroids. On the other hand, the demonstration of ketosteroid 
transformations by bacterial enzymes (26) suggested that a reduction of 
assayable steroids might occur as a result of bacterial action. Experiments 
involving ketosteroid and corticoid assays on glucuronidase-hydrolyzed 
urine specimens indicated the possibility of both types of bacterial con- 
tamination. 

Experiments were performed in which 25 to 50 cc. aliquot samples of 
pooled male urine were (a) boiled for 10 minutes, (6) filtered through a 02 
Selas filter,’ and (c) used as collected (no preservative was employed during 
the collection of the urine). The urine samples were then brought to 0.1 
N with respect to acetate buffer of pH 4.5 by the addition of a suitable 
amount of 5 to 10 n buffer, 4000 to 5000 units of glucuronidase concentrate 
were added to each, and the samples were analyzed for free steroids after 
incubation at 38° for 16 to 40 hours. For three to five urines thus studied, 
preliminary sterilization of the urines resulted in marked increases in the 
amounts of glucuronidase-released steroids. Thus, for example, 50 cc. 
specimens from one batch of pooled male urine (Batch MUis) hydrolyzed 
with 4000 units of the glucuronidase preparation for 40 hours showed that 
the non-sterilized urine released corticoids and ketosteroids equivalent to 
6 and 5.1 mg. per liter of urine respectively. After urine sterilization by 
either boiling or filtering through the Selas filter, corticoid and ketosteroid 
values of 16 and 7.5 mg. per liter respectively were obtained. These experi- 
ments do not indicate whether the sterilization procedures effect a removal 
of a glucuronidase inhibitor or of a steroid-destroying agent. In the other 
two experiments, preliminary boiling of the urine specimens caused a 


* This filter was obtained from the Selas Corporation of America, Philadelphia, 


Pennsylvania, and removes particles of about 0.85 » diameter, including most bac- 
teria. 
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decrease in the rate but not in the maximum amount of glucuronidase 
hydrolysis of conjugated corticoids. This is interpreted as indicating a 
destruction of bacterial glucuronidase by the boiling. 

Boiling approximately neutral urine specimens for 10 minutes was found 
in itself to cause no measurable release of corticoids or ketosteroids, nor to 
reduce the maximum amounts of the steroids subsequently released by 
hydrolysis with preparations of spleen glucuronidase. The stability of the 
ketosteroids and corticoid glucuronides in urine to heat at near neutral pH 
is further indicated (a) by the similarity in amounts of ketosteroids and 
corticoids released by the glucuronidase preparation for boiled and for 
Selas-filtered urines, and (b) in the failure of a 2 to 4 hour heating in a 
boiling water bath at pH 5.0 to influence the amount of subsequent glucu- 
ronidase-released ketosteroids (2) or corticoids (27). All of the enzyme 
hydrolysis experiments carried out on urine specimens reported in this 
paper involved a preliminary boiling of the urines for 10 minutes. 


Factors Affecting Hydrolysis of Steroid Glucuronides by Spleen Glucuronidase 


25 ce. aliquots of pooled urine from normal males were used for the stud- 
ies on corticoids; 50 cc. aliquots of urine from a similar source were used 
for the studies on ketosteroids. Pregnancy urine (of about the 8th month 
of pregnancy) was used for the studies on urinary estrogens. The samples 

_ of sodium pregnanediol glucuronidate and of sodium estriol glucuronidate 
(NaKG) used in these studies were analytically pure. Enzyme hydrolyses 
were carried out at about 38° in all cases. 

pH—In Fig. 1 are shown the effects of pH on the hydrolysis of a number 
of steroid conjugates by the glucuronidase concentrate. The urines were 
boiled, adjusted to the desired pH, and then a sufficient volume of concen- 
trated acetate buffer to give a final buffer concentration of 0.1 N was added. 
The pure steroids were dissolved in 25 to 50 cc. of 0.1 N acetate buffer of 
the desired pH. Enzyme concentrate was then added to the buffered 
solutions and the specimens extracted and assayed for the freed steroids 
after incubation. In no instance was a significant change in pH observed 
at the end of the incubation time. 

It is seen that the optimum pH for the enzyme hydrolysis of all the 
steroid conjugates examined is about 5.0, being somewhat lower for urinary 
estriol and for pure pregnanediol glucuronide and somewhat higher for the 
urinary corticoid glucuronides. A urine pH of 5.0 was selected for all 
subsequent glucuronidase hydrolysis experiments, since this pH permitted 
the separate assay of a number of steroid types in a single enzyme- 
hydrolyzed urine specimen. 

Enzyme Concentration—In Fig. 2 is shown the effect of glucuronidase 
concentration on the rate of steroid release from the corresponding conju- 
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gates. The hydrolyses were carried out on samples made 0.1 N with respect 
to pH 5.0 acetate buffer, as described above. Various amounts of glucu- 
ronidase concentrate were then added and the freed steroids determined 
after incubation. It is seen that the sodium pregnanediol glucuronidate is 
more rapidly hydrolyzed than any of the other steroid conjugates tried, 
being completely hydrolyzed under the conditions of the experiment by 
1000 units of glucuronidase concentrate in 4 hours. Conjugated corticoids, 
estriol, and ketosteroids in order are hydrolyzed at diminishing rates. The 
similarity in the rate of hydrolysis for the estriol glucuronide in urine and 
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Fie. 1. Effect of pH on the hydrolysis of steroid glucuronides by calf spleen p- 
glucuronidase; Curve 1, corticoids liberated from urine Batch MU1y by 2000 glucu- 
ronidase units in 16 hours; Curve 2, ketosteroids liberated from urine Batch MUsz. 
by 4000 glucuronidase units in 16 hours; Curve 8, glucuronic acid liberated from 
NaPG containing the equivalent of 620 y of glucuronic acid by 500 glucuronidase 
units in 3} hours; Curve 4, estriol liberated from 50 ce. of pregnancy urine (Batch 
LPU,7) by 2000 glucuronidase units in 64 hours. For further details, see the text. 


for solutions of pure sodium estriol glucuronidate is also apparent from these 
data. 

Time of Incubation—The effect of the time of incubation on the hy- 
drolysis of conjugated steroids by the glucuronidase concentrate is illus- 
trated in Fig. 3. Control experiments have revealed that only a negligible 
degree of steroid conjugate hydrolysis occurs in boiled urines incubated at 
pH 4.5 for up to 14 days. The relative rates of hydrolysis of the various 
steroid glucuronides indicated in the enzyme concentration studies (see 
Fig. 2) are confirmed. 

Preliminary studies on the hydrolysis of the various types of estrogen 
in pregnancy urine indicate that the free estrogens appearing in the ‘weakly 
phenolic”? (20, 28) fraction of hydrolyzed urine are liberated from their 
precursors at a rate three to four times greater than is estriol. Thus, for 
example, the incubation of 800 ce. of pregnancy urine (Batch LPU,s) with 
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Fig. 2. Effect of glucuronidase concentration on the hydrolysis of steroid glucu- 
ronides; Curve 1, corticoids released from urine Batch MU 12 after 16 hours incubation 
at 38°; Curve 2, ketosteroids released from urine Batch MU; after 16 hours incuba- 
tion at 38°; Curve 3, glucuronic acid released from NaPG containing the equivalent 
of 260 y of glucuronic acid after 4 hours incubation at 38°; Curve 4, estriol released 
from 100 cc. of pregnancy urine (Batch LPU;s) after 16 hours incubation at 38°; 
Curve 5, estriol released from NaEG containing the equivalent of 570 y of estriol 
after 16 hours incubation at 38°. For further details, see the text. 
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Fia. 3. Effect of incubation time (38°) on the hydrolysis of steroid glucuronides 
by calf spleen 6-glucuronidase concentrate; Curve 1, corticoids released from urine 
Batch MU by 2000 units of glucuronidase; Curve 2, ketosteroids released from urine 
Batch MU by 10,000 units of glucuronidase; Curve 3, glucuronic acid released from 
NaPG containing the equivalent of 270 y of glucuronic acid by 500 units of glucu- 
ronidase; Curve 4, estriol released from 50 cc. pregnancy urine (Batch LPU1:) by 
3000 units of glucuronidase; Curve 5, estriol released from NaKG containing the 
equivalent of 570 y of estriol by 2000 units of glucuronidase. For further details, 
see the text. 
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8500 units of glucuronidase concentrate for 4 hours resulted in the libera- 
tion of 1240 y of “weakly phenolic” estrogen and 450 y of estriol. Since 
no attempts to separate the estrone and estradiol in this former fraction 
have yet been made, it is not known whether the glucuronides of one or 
both of these steroids are involved in this relatively rapid hydrolysis. 


Summary of Procedures for Maximum Liberation of Corticoids and 
Ketosteroids from Urine by Spleen B-Glucuronidase Concentrates 


On the basis of these and a large group of similar studies on a number of 
urine specimens, the following procedures have been adopted for the glucu- 
ronidase hydrolysis of conjugated ketosteroids and corticoids in urine. 

Corticoids—A 25 ce. urine aliquot is boiled for 10 minutes, adjusted to 
pH 5.0, and 2 per cent by volume of 5 N acetate buffer, pH 5.0, is added. 
After the addition of 2000 to 5000 units of the spleen 8-glucuronidase con- 
centrate, the samples are incubated at 37-38° for 2 to 4 days, at which 
time they are cooled and extracted with CHClh, etc., for corticoid assays. 

Ketosteroids—A 50 ce. urine aliquot is similarly boiled and buffered and, 
after the addition of 10,000 units of the glucuronidase concentrate, the 
sample is incubated at 37-38° for 3 to 5 days. Then it is cooled, ex- 
tracted, and assayed for ketosteroids. 

When the steroid assay values thus obtained are greater than the equiva- 
lent of 20 mg. per liter of urine, then the enzyme hydrolysis is repeated with 
a smaller volume of urine and a longer period of incubation. 


Comparison of Amounts of Steroids Released from Urines by Glucuronidase 
and by HCl Hydrolysis 


A number of urine specimens have so far been assayed for corticoids 
and ketosteroids after hydrolysis by the glucuronidase procedure and by 
the standard acid procedures referred to under ‘Methods of assay.”’ The 
results of a representative group of these assays are shown in Table II. 
In most of the enzyme assays reported in Table II, the values were checked 
as maximum values by assays on a second sample of urine to which a larger 
amount of enzyme had been added or a longer incubation time used. 

Assays on samples from twelve different batches of pooled male urine, 
two of which are included in Table II, indicate that for normal male urine 
about 45 per cent (30 to 60 per cent) of the “total” ketosteroids (i.e., 
the amount of ketosteroids released by acid hydrolysis) is released by the 
glucuronidase hydrolysis. Trials with four pure steroid sulfates (the 
sodium sulfates of dehydroisoandrosterone, androsterone, estrone, and es- 
tradiol*) have indicated a complete lack of hydrolytic influence on these 


‘Grateful acknowledgment is made to Dr. C. R. Scholz, Ciba Pharmaceutical 
Products, Inc., for the androgenic sulfates, to Dr. S. Cook of Ayerst, McKenna and 
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by the spleen glucuronidase preparations under conditions which resulted 
in maximum release of conjugated ketosteroids and estriol from urine. Ii 
is thus probable that at least a part of the conjugated ketosteroids not 





























hydrolyzed by glucuronidase are conjugated as sulfates. A greater pro- 
Tas.e II 
Urinary Ketosteroids and Corticoids Freed by Hydrolysis with Glucuronidase ani 
with HCl 
<0 “as \corticotde? released by] Ratio of 
Urine batch Identification enzyme poet. 
Glucuroni-| "etoster- |Glucuroni- | corticoids 
HCl dase = HCl dase 
MUu Normal male 25.1 8.3 | 3:1 0.76 20.7 1:27 
(pooled) 
MU; Normal male 13:2 7.5 12821 0.37 5.9 1:16 
(pooled) 
N. D. Presurgery 4.9 2.4 2:1 0.35 4.2 1 es Y 
eee Postsurgery 2.9 1.25 16.0 1:18 
E. C Pregnant 8 mos. 9.3 7.8 1,22 1.5 12.2 1:8 
V.L ae 3. °° 13.7 9.5 1.4:1 1.6 29.2 1:18 
R. D Patient with 0.9 0.7 BS Ba 0.4 10.5 1:26 
breast cancer on 
estrogen therapy 
C.D.+ | Female pseudo-| 76 33 2.3:1 0.4 10 1:25 
hermaphrodite, 
aged 11 yrs. 
eeiass Female pseudo-| 11 7.3 12631 0.9 45 1:50 
hermaphrodite, 
aged 11 yrs. on 
therapy of 100 
mg. cortisone 
per day 











* The steroids excreted are expressed as mg. per liter of urine for urine Batches 
MU,y, and MU,; and as mg. per 24 hours urine specimen for the remainder of the 
urine batches. 

+ C. D. was a patient of Dr. Irvine McQuarrie of the Department of Pediatrics, 
University of Minnesota Hospitals, who kindly made urine and blood specimens 
available for study. 


portion of the “total” 17-ketosteroids in pregnancy urine is hydrolyzed by 
glucuronidase (an average of 75 per cent for the three samples thus fat 
examined). This finding is consistent with data reported by Buehler ef al. 
(15) for urines hydrolyzed with glucuronidase preparations of bacterial 
origin. 


Wassioon, Ltd., for estrone sulfate, and to Dr. G. W. Holden of Charles E. Frosst 
and Company for a sample of sodium estradiol sulfate. 
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The amount of formaldehydogenic corticoids released by the glucuroni- 
dase preparation has been found, for eight batches of pooled male urine, to 
be 18 (range 12 to 27) times as great as that obtained after the hydrolysis 
at pH 1.0 with about the same ratio range shown for the other urine speci- 
mens examined. The only cortisone-treated patient that we have so far 
examined (C. D.) showed twice as great an increase in the glucuronidase- 
released corticoids as in the acid-released corticoids during this therapy. 
The high glucuronidase- to acid-released corticoid ratio for all urine speci- 
mens thus far examined is not surprising in view of the mildness of the 
acid-hydrolytic procedures required to minimize destruction of the rela- 
tively labile corticoids. 


DISCUSSION 


Data reported in this paper indicate that about half of the HCl-hydro- 
lyzable ketosteroids of normal male urine is released by hydrolysis with 
spleen glucuronidase concentrates. It has been shown that hydrolysis 
with 0.1 N acetate buffer affects about 25 per cent of the conjugated keto- 
steroids in such urines (2). Since neither of these procedures hydrolyzes 
the sulfates of saturated steroids, it is probable that at least a large part of 
the ketosteroid conjugates not hydrolyzed by either method comprises 
saturated ketosteroid sulfates (such as androsterone sulfate). The possible 
existence of small amounts of other types of steroid conjugates (29) cannot, 
however, be eliminated. 

Our data confirm the suggestions of others (30, 31) that hydrolysis of 
urine specimens with preparations of glucuronidase results in a considerable 
increase in the amount of assayable corticoids. This indicates that corti- 
coid assays carried out on urines which either have been previously un- 
hydrolyzed or have been hydrolyzed by mild acidic treatments lead to 
assays of only a small portion of the total corticoids in urine. Since it is 
improbable that corticoid sulfates are hydrolyzed by the glucuronidase 
concentrates, it is possible that a considerable portion of conjugated corti- 
woids has so far escaped hydrolysis and assay. It is probable, however, 
that at least a portion of these corticoid sulfates is hydrolyzed in the 
continuous ether extraction at pH 1.0 (29) and in the buffer hydrolysis 
27) procedures. 

Conclusive proof that the formaldehydogenic substances released by the 
glucuronidase hydrolysis are indeed corticoids must await chemical isola- 
tion studies. However, the following evidence tends to support such a 
velief: (a2) The method of urine extraction and formaldehydogenic assay 
isa relatively limiting procedure for corticoids. (b) The relatively large 
amounts of glucuronidase-released formaldehydogenic material in the urines 
of patients exposed to the stresses of surgery and of pregnancy also tend 
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to indicate that substances of adrenal cortical origin are involved. (c) The 
very large increase in the glucuronidase-released formaldehydogenic sub- 
stances of patient C. D. (Table II), when treated with cortisone, speaks 
strongly for the fact that these substances are related to the adrenal 
steroids. Indeed, in this latter case about one-third to one-half of the 
administered 17-hydroxy-11-dehydrocorticosterone was accounted for as 
glucuronide-bound urinary corticoids. 

There is some indication that a high glucuronidase to HCl-hydrolyzable 
steroid ratio may be correlated with a high serum $-glucuronidase activity 
level, since elevated serum glucuronidases are found during pregnancy (32, 
33), in patients with breast cancer on estrogen therapy (34), in patients who 
have recently undergone surgery,* and in our cortisone-treated patient. It 
is not surprising that this relationship appears to be more consistent for the 
ketosteroids than for the corticoids in view of the empirical nature of the 
corticoid assays obtained after HCl hydrolysis. 

Experiments are at present in progress on the quantitative determination 
by glucuronidase hydrolysis of pregnanediol and estrogen glucuronides in 
urines. While these studies are still in a preliminary stage, they indicate 
that considerably purer concentrates of the corresponding free steroids are 
obtainable following glucuronidase hydrolysis than are obtained after acid 
hydrolysis. Our experiments with pure sodium pregnanediol glucuronidate 
’ and with sodium estriol glucuronidate reported in this paper indicate that 
under the conditions of hydrolysis employed a complete hydrolysis of the 
former but only about a 50 per cent hydrolysis of the latter steroid glu- 
curonide is effected by the glucuronidase preparations. Pregnancy urine 
specimens have released 45 to 100 per cent of the acid-hydrolyzable estro- 
gens by glucuronidase hydrolysis. While the procedures described in this 
paper for the glucuronidase hydrolysis of ketosteroid and corticoid glucu- 
ronides yield optimum values, our data do not indicate whether a complete 
hydrolysis of these urinary-conjugated steroids is thus effected. The de- 
termination of the factors involved in the limited hydrolysis of estriol 
glucuronide may shed some light on this problem. 


SUMMARY 


1. The preparation of calf spleen 6-glucuronidase concentrates suitable 
for the hydrolysis of steroid glucuronides is described. 

2. A procedure for the separation of glucuronic acid from pregnanediol 
glucuronide is described, and its usefulness in measuring the hydrolysis of 
pregnanediol glucuronide demonstrated. 

3. Studies have been made on the effects of pH, enzyme concentration, 
and incubation time on the hydrolysis of urinary-conjugated corticoids, 


5 Unpublished data. 
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The ketosteroids, and estrogens, and of the sodium salts of pregnanediol and 
ub- estriol glucuronidates. 
aks 4. The optimum pH for the hydrolysis of all the steroid glucuronides 
nal studied by the 8-glucuronidase concentrate was found to be about 5.0. 
the 5. Sodium pregnanediol glucuronidate is hydrolyzed about twenty times 
"as more rapidly than the urinary corticoid conjugates, with the glucuronides 
of estriol and of ketosteroids being hydrolyzed at still slower rates. No 
uble significant difference in the rate of hydrolysis of sodium estriol glucu- 
vity ronidate in pure form or in urine was found. 
(32, 6. Procedures for the hydrolysis of the conjugated ketosteroids and 
who corticoids in urine by the 6-glucuronidase concentrates have been quanti-- 
It tatively determined. 

the 7. The data obtained by the application of these procedures to a number 
the of urine specimens are presented. 

8. Possible significances in variations of the ratios of acid-hydrolyzed and 
tion glucuronidase-hydrolyzed ketosteroids and corticoids are discussed. 
s in 
cate The author takes pleasure in acknowledging the assistance of Barbara 
3 are Magnus, Shirley C. Tennyson, and Saranette Frank in carrying out the 
acid | many assays involved in these studies. 
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THE BIOLOGICAL SYNTHESIS OF DEXTRAN 
FROM DEXTRINS* 


By EDWARD J. HEHRE 
WitH THE AssISTANCE OF Doris M. HamILton 


(From the Department of Bacteriology and Immunology, Cornell University Medical 
College, New York, New York) 


(Received for publication, March 5, 1951) 


The present paper deals with the formation of dextran from certain 
dextrins by the action of cultures and enzymes of an acetic acid bacte- 
rium, Acetobacter capsulatum. Hitherto, polysaccharides of the dextran 
class have been known to be produced only from sucrose, either by living 
cultures of Leuconostoc mesenteroides and certain related Lactobacteriaceae 
or, as shown in our laboratory some years ago (1-3), by the in vitro action 
of soluble Leuconostoc enzymes. Recognition of an alternative pathway 
of dextran biosynthesis has a close parallel in earlier studies of Hehre and 
Hamilton (4, 5), which showed that amylaceous polysaccharides likewise 
are not invariably formed from glucose-l-phosphate by phosphorylase 
systems, but may also arise from sucrose by the action of enzymes of Neis- 
seria perflava. Both past and present observations illustrate the broad 
validity of the rule that natural products may be formed by diverse meta- 
bolic pathways, which might not have been anticipated to hold in the case 
of macromolecular substances. 

The conversion of dextrins to dextran by Acetobacter systems brings 
polysaccharides of the starch-glycogen and dextran classes into the closest 
biological relationship known to exist between any two polysaccharide 
classes. The chemical basis for this kinship has of course long been ap- 
parent. Both amylopolysaccharides and dextrans are polymers of p-glu- 
copyranose units; the former consist of chains of a-1,4-linked units, with 
a-1,6 branching points occurring in amylopectin and glycogen type com- 
pounds (6), while dextrans comprise chains of a-1,6-linked units with 
a-1,4 branching points (7). Both dextrans and glycogen type polysac- 
charides, moreover, can be synthesized from the same substrate (sucrose) 
by appropriate enzymes (1-5). 

Amylosucrase glycogen type 
| — polysaccharide + fructose 


U 


Sucrose 





Dextransucrase 
> dextran + fructose 








* Aided by a grant from the Corn Industries Research Foundation, 
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Indeed, the first indication of biological interconvertibility came as the | vo 
result. of experiments in which a product with the immunological prop- | in 
erties of dextran was formed, in small amount, from mixtures of starch or | lit 
glycogen plus fructose that had been incubated successively with amylo- | sol 
sucrase and dextransucrase preparations. Search for a biological system } dit 
capable of converting amylaceous materials to dextran in higher yield led | mi 
us to investigate a report of Shimwell (8) that certain acetic acid bacteria | th 
from “ropy”’ beer, Acetobacter viscosum and A. capsulatum, become grossly | up 
viscous when grown in the presence of sufficient dextrin (a natural con- | Ty 
stituent of beer), but not when grown with glucose, fructose, sucrose, or } th 
maltose. We (9) were able to show that the slimy materials elaborated in } tri 
the dextrin cultures have serological properties like those described earlier | m 


(10) for the sucrose-derived dextrans of L. mesenteroides. Moreover, ma- | ov 
terial recognizable serologically as dextran was produced when cell-free } sp 
enzymes of A. capsulatum were allowed to act upon certain dextrins. co 


Chemical evidence has now been obtained that the product formed from | in 
dextrin by cultures of A. capsulatum is indeed a dextran. In addition, 
data will be given on the preparation and general mode of action of soluble | wl 


enzymes capable of converting dextrins to dextran. to 
EXPERIMENTAL ye 

Isolation and Analysis of Product Formed from Dextrin by Living + 
Cultures of A. capsulatum H 


Strain NCTC 4943 of A. capsulatum (8, 9) was inoculated into 2 liters (n 
of broth containing 10 gm. of Difco yeast extract and 66 gm. (dry weight | % 
basis) of Pfanstiehl alcohol-precipitated, soluble “bacteriological” dextrin dt 
made from corn-starch. After incubation at 25° for 10 days, the culture dr 
was grossly viscous, contained innumerable small jelly-like particles (8), | ™ 
and gave a positive serological test for dextran (9) when tested in dilutions de 
as high as 1:100,000. Estimates of the amount of reducing sugars (as | P* 
maltose) liberated on treatment with salivary amylase indicated that ap- 
proximately 14.5 gm. (22 per cent) of the dextrin originally present in | 


the culture medium had been utilized. te 
The gelatinous culture product was isolated without recourse to the | % 
destruction of the residual dextrin by amylase in order to preserve any | “ 


“amylase-sensitive” linkages that it might contain. The separation was je 
guided by serological tests and by tests of iodine coloring capacity; and a 


product was obtained that accounted for at least 99 per cent of the sero- | ™ 
logically reactive material produced by the culture and contained less he 
than 1 per cent of the dextrin used in the medium. he 





The culture was first adjusted to pH 6.0, warmed to 70° and shaken for | ™ 
10 minutes to disperse the jelly-like particles, and then treated with 0.8 | 0. 
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volume of ethanol. The mixture was centrifuged after storage overnight 
in the cold, and the precipitated gelatinous product was dissolved in 2 
liters of distilled water and freed of bacterial cells by centrifugation. The 
solution of crude A. capsulatum gum, following addition of 20 gm. of so- 
dium acetate, was treated with 800 ml. (0.4 volume) of ethanol; after 15 
minutes standing at room temperature, the mixture was centrifuged and 
the supernatant fluid separated from a soft, voluminous precipitate which, 
upon serological examination, proved to contain only traces of dextran. 
To the supernatant fluid, a further 400 ml. (0.2 volume) of ethanol were 
then added. The massive precipitate that formed was separated by cen- 
trifugation, dissolved in 1 liter of water, reprecipitated by 0.6 volume of 
methanol, and finally ground under methanol and dried in vacuo at 25° 
over CaCly. The yield was 14.96 gm. (anhydrous basis), which corre- 
sponds closely to the amount of dextrin utilized by the culture and to the 
conversion of approximately 22 per cent of the dextrin originally present 
in the culture medium. 

Properties of A. capsulatum Product—The isolated material was a snow- 
white, amorphous powder that dissolved slowly in water, after swelling, 
to give highly opalescent solutions. The ash and nitrogen (11) contents 
were negligible, 2z.e. less than 0.05 per cent, and the reducing power (12) 
was less than 1/2000 that of glucose. The optical rotation was [algs93 = 
+190° (c = 0.25 in 0.56 Nn NaOH). After heating for 6 hours with 1 nN 
H.SO, in a sealed glass tube immersed in boiling water, the hydrolysate 
(neutralized) had [algsos = +53.7° (c = 2.5) and 94 per cent reducing 
sugar, as glucose (12); these values take into account the entry of water 
during hydrolysis. A 1.00 gm. sample of the product, after similar hy- 
drolysis, removal of sulfate as BaSO,, and evaporation from alcoholic solu- 
tion yielded 0.98 gm. (anhydrous basis) of crystalline p-glucose. These 
data indicate that the A. capsulatum product is a high molecular weight 
polysaccharide composed chiefly of a-linked p-glucopyranose units. 

Further information on the constitution of the Acetobacter polyglucoside 
was obtained by direct comparison with four reference polysaccharides; 
i.e., dextran isolated from sucrose broth culture of L. mesenteroides B (10), 
oyster glycogen, corn amylopectin, and the “bacteriological” dextrin used 
as the substrate in the culture medium. All were simultaneously sub- 
jected to the following procedures. 

The limits of conversion to maltose by a- and 8-amylase were deter- 
mined on 5 mg. samples of each polysaccharide, dissolved with the aid of 
heat in 3 ml. of 0.15 m NaCl. Individual samples were incubated for 22 
hours at 30° with (a) 3 ml. of a clarified 1:25 solution of saliva, pH 5.8, 
and (b) with 3 ml. of a solution containing 1 mg. of wheat 8-amylase in 
0.1 mM acetate buffer, pH 4.6 (13). The reducing sugars liberated were cal- 
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culated as per cent of apparent maltose (12, 14) obtained after correction 
for the entry of water. 

Observations on coloration with iodine were made on 5 ml. of 0.2 per 
cent solutions of the polysaccharide (at pH 5.8) treated with 0.2 ml. of | 
per cent I, and 2 per cent KI. Rates of hydrolysis by 0.5 n HCl were 
determined on 0.05 per cent solutions of the polysaccharides. The mix- 
tures were heated in sealed tubes at 100° for 15, 30, and 45 minutes, then 
cooled, neutralized, and tested for glucose content (12). The rate is ex- 
pressed as a multiple of the first order velocity constant, 7.e. Ki X 10° (5, 
15). 

Capacity to give serological precipitation with dextran-reactive anti- 
sera was examined with varying dilutions of all the polysaccharides. A 
detailed comparison of the serological properties of the purified Acetobacter 
and Leuconostoc polysaccharides has already been reported (9). 

Oxidation by sodium metaperiodate was carried out by a slight modifi- 
cation of the technique of Jeanes and Wilham (16).! Between 105 and 
110 mg. (dry weight) of polysaccharide were dissolved in freshly boiled 
water and treated with 6 ml. of 0.275 m sodium metaperiodate (7.e., ap- 
proximately 2.5 moles of NaIO, per mole of glucose anhydride) and suff- 
cient water to make 250 ml. The mixture was stored in the dark at 25° 
and analyzed after 24, 48, and 72 hours. For determination of the 
periodate consumption, 50 ml. of the mixture were treated with 6 
ml. of 10 per cent NaHCOs, 10 ml. of a solution of 0.1 N NazHAsO; in 2 n 


minutes, the excess Na2HAsO; was estimated by titration with 0.1 N 
iodine. Formic acid liberation was determined on a 25 ml. sample of the 
polysaccharide-periodate mixture by titration to phenolphthalein with 0.01 
n NaOH after preliminary incubation in the dark for 1 hour at 25° with 
0.1 ml. of ethylene glycol. Table I lists the periodate consumption and 
formic acid liberation at 48 hours as moles per mole of the basic unit (glu- 
cose-H,O) of the polysaccharides. 

From the data summarized in Table I it is evident that the major fea- 
tures of the polyglucoside produced by A. capsulatum resemble those of 
Leuconostoc dextran and differ from those of glycogen, amylopectin, and 
the dextrin from which the Acetobacter product was formed. Those fea- 
tures include nearly complete resistance to a- and B-amylase, lack of ap- 
preciable color with iodine, relatively low rate of hydrolysis by acid, 
serological activity, and behavior on periodate oxidation. The slight re- 


1The author’s thanks are due to Dr. Allene Jeanes for her kindness in making 
available, in advance of publication, the technique of periodate oxidation used at 
the Northern Regional Research Laboratory, as well as the results obtained with the 
method on various Leuconostoc dextrans. 
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lease of reducing sugar on treatment with amylase and the slight capacity 
of the Acetobacter product to be colored by iodine may be attributed, at 
least in part, to traces of amylaceous material accompanying the bacterial 
polysaccharide in its isolation from the dextrin broth culture.? 

The data obtained by periodate oxidation furnish good evidence that 
the Acetobacter product, like the Leuconostoc dextran, is a predominantly 

,6-linked polyglucopyranoside. The Acetobacter polyglucoside (Table I) 
reduced 1.89 moles of periodate and liberated 0.82 mole of formic acid per 


TaBLeE I 


Properties of A. capsulatum Polysaccharide Compared with Those of Leuconostoc 
Dextran and of Polysaccharides of Starch Class 

















— to Rate of | serctogi Periodate oxidation 
Polysaccharide |__| Calor with In| acid ny. | Se ae ) 
repos Ay et 1X1 tivity" | Periodate — 
© - |B-amyl- aci 
‘ = pen consumed liberated 
aa. per cent|per cent min} moles mole 
Acetobacter polyglu- 

COREG oars acer 1.0 | 0.2 |Nonet ll +++ | 1.89 0.82 
Leuconostoc B dex- 

Pid 2 ee a ones OO} Oop * 10 +++ | 1.83 0.84 
Oyster glycogen..... 71 33 |Red-brown 41 0 1.02 0.08 
Corn amylopectin. ..| 93 61 |Dark purple 54 0 1.06 0.04 
“Bacteriological’’ 

MEXGIHMDS <2 acces 86 64 |Deep maroon} 52 0 1.22 0.22 


























*++4-+, precipitation beyond 1:1 million dilution of the polysaccharide with 
type 2 and type 20 pneumococcus antisera, and from 1:10,000 to 1:50,000 dilution 
with type 12 pneumococcus antiserum (9). 0, no precipitation with 1:10,000 or 
higher dilutions of the polysaccharide in tests with type 2, 20, or 12 pneumococcus 
antisera. 

} A greenish color was produced, however, when a stronger solution (1:50) of the 


polysaccharide was treated with iodine. 


mole of glucose anhydride during a 48 hour oxidation period, a result 
closely similar to that obtained with the dextran of L. mesenteroides B 
and comparable to results obtained with Leuconostoc dextrans by others 
(16, 17). An unbranched polysaccharide composed entirely of 1 ,6-linked 


? It is noteworthy, however, that treatment with saliva (though not with wheat 
8-amylase) causes some diminution in the opalescence of solutions of the Acetobacter 
polysaccharide as well as some loss of capacity of the polysaccharide to be precipi- 
tated by 35 per cent (aqueous) alcohol. These observations suggest that the Aceto- 
bacter polysaccharide molecules may contain one or more internally located, a- 
amylase-sensitive linkages; and they raise the question of whether such linkages 
may not arise as the result of the growth of multiple chains of 1,6-linked units from 


| a single dextrin molecule acting as a “‘primer.” 
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p-glucopyranose units theoretically would consume 2 moles of periodate 
and liberate 1 mole of formic acid per mole of the glucose unit, whereas 
high molecular weight polymers of glucose other than 1,6-linked poly. 
glucopyranosides would be expected neither to yield appreciable formic 
acid nor to reduce appreciably more than 1 mole of periodate per mole of 
glucose, since their basic glucose units would not have unsubstituted hy- 
droxyl groups on 3 adjacent carbon atoms, as in the case of the basic 
glucose units of dextrans. 

From the amount of formic acid liberated, Jeanes and Wilham (16)! 
have computed that the ratio of 1,6 linkages to linkages other than 1,6 
for six specimens of Leuconostoc dextrans ranged from 24:1 to 3:1. In the 
case of the Acetobacter and Leuconostoc B polysaccharides, the ratio of 1,6 
linkages to linkages other than 1,6 is approximately 5:1.3 The data of 
course do not give any information as to the nature of the linkages other 
than 1,6, nor do they indicate whether or not the occurrence of such link- 
ages causes the molecule to be branched. 


Conversion of Dextrins to Dextran by Cell-Free Enzymes 
from A. capsulatum 


The vigor of dextran formation by cultures of A. capsulatum grown 
with dextrin, the complete lack of dextran formation by cultures grown 
with other carbohydrates, and the approximate equivalence between dex- 
tran formed and dextrin lost all reflect the operation of an enzyme system 
capable of converting the a-1,4-linked p-glucopyranose units of dextrin 
into the 1,6-linked units of dextran. 

Solutions of this enzyme system (9), free from bacterial cells and cell 
fragments, were prepared for the experiments of the present paper from 
cultures of A. capsulatum 4943 grown at 25° for 3 or 4 days in broth com- 
prising 0.5 per cent Difco powdered yeast extract and 0.2 per cent glucose. 
4 liter lots of culture (usually with a final pH about 4.5) were treated with 
ammonium sulfate (1.5 kilos), centrifuged for 1 hour at 1500 r.p.m., and 
the resulting sediments taken up in 75 ml. of distilled water. After sepa- 
ration of most of the bacterial cells by preliminary centrifugation, the 
enzyme solutions were cleared in a large angle head centrifuge and stored 
at —70°. Mixtures with solutions of “‘bacteriological’’ dextrin show pro- 
gressive diminution both in the intensity of the coloration given with 
iodine and in the amount of reducing sugar liberated by salivary amylase, 
suggesting utilization of dextrin; at the same time, they acquire in in- 
creasing degree a new property which may be regarded as presumptive 
evidence of dextran synthesis (9); namely, the capacity to give serological 
precipitation with types 2 and 20 pneumococcus antisera. These changes 


3 Since these computations were made, Kent (18) has reported a 5:1 ratio for the 
Leuconostoc mesenteroides dextran of Stacey and Swift (19). 
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are especially prominent in enzyme-dextrin mixtures kept in the region of 
pH 4 to 5. 

Substrate Specificity—To gain some understanding of the mechanism of 
its action, the enzyme was tested for its ability to synthesize material with 
the serological properties of dextran from a variety of carbohydrates. 
Equal volumes of enzyme solution and of substrate (as a 2 per cent or a 
0.1 per cent solution in 0.5 m acetate buffer, pH 4.6) were kept for 20 
hours at 25°. The incubated mixtures were neutralized, then tested for 
capacity to give serological precipitation versus a type 2 pneumococcus 
antiserum capable of detecting Acetobacter or Leuconostoc dextrans in con- 
centrations as low as 1 part in 4 million. Parallel tests were made with 
control sera as a guard against “false positive” reactions. 

It would appear from the data in Table II that the Acetobacter enzyme 
catalyzes the synthesis of dextran from certain dextrins only. The forma- 
tion of dextran was not detected, for example, when the enzyme was in- 
cubated with unhydrolyzed amylose or amylopectin fractions of corn- or 
potato starch, or with native oyster or rabbit liver glycogens. Hydrol- 
ysates of amylose, amylopectin, and glycogen produced by acid or sali- 
vary (a-) amylase did contain products convertible into material with the 
serological properties of dextran; this was not true, however, of partial 
hydrolysates of the same substances produced by wheat (8-) amylase. 
Similarly, Schardinger’s 8-dextrin (cycloheptaamylose) was not converted 
to dextran by the Acetobacter enzyme, while the seven-membered linear 
dextrin (amyloheptaose) derived from it by opening the cyclic ring by 
acid (22), as well as the corresponding dextrinic acid, was converted. 
None of the potential a-p-glucose donating sugars tested, including maltose, 
sucrose, and glucose-1-phosphate, were converted to dextran. In the case 
of maltose, samples of the commercial reagent did yield small, variable 
amounts of dextran on incubation with the enzyme, even after they had 
been treated with carbon and repeatedly recrystallized; however, we be- 
lieve this activity is attributable to traces of difficultly separable accom- 
panying dextrins in these reagents, since entirely negative results were 
obtained with samples of maltose prepared in the laboratory by a method‘ 
which precluded the formation of low molecular weight dextrins in the 
digests from which the maltose was crystallized. 

One of the most important points shown by the data in Table IT is that 
dextran synthesis can take place from linear fragments composed entirely 


‘The maltose was prepared according to the technique of Haworth et al. (25), 
with the important difference that a 15 minute digest of potato amylopectin repre- 
sented the starting material rather than a long term digest of solubilized whole 
starch. One lot of maltose was made by the use of commercial (Wallerstein) 6- 


| amylase from ungerminated barley, a second by the use of B-amylase prepared from 


wheat flour (21). 





TaBLeE II 





Capacity of Soluble A. capsulatum Enzyme to Convert Various Carbohydrates 


to Dextran 





Carbohydrate substrate 


Dextran after incu- 
bation with enzyme* 








1.0 per 0.05 per 
cent sub- | cent sub- 
strate strate 
“Natural” polysaccharidest | Recrystallized potato amylose. ...| 0 0 
ae corn amylosef...... 0 0 
Potato amylopectin............... 0 0 
Corn amylopectin................. 0 0 
Rabbit liver glycogen............. 0 0 
Oyster glycogen.................. 0 0 
HCl hydrolysates§ Potato amylose...................| 4000+ | 400 
‘* amylopectin...............| 4000 200 
Oyster glycogen...................| 4000 200 
Salivary (a-) amylase hy- | Potato amylose................... 4000+ | 400+ 
drolysates]| ESS TOM YIODOCUIN s 6:55. ce nes 4000+ | 400 
Oyster glycogen.................. 4000 400 
Wheat (6-) amylase hydroly- | Potato amylose................... 0 0 
sates|| ‘e _vamylopectine.<.:<.....5<<... 56: 0 0 
Oyster glycogen.................. 0 0 
Commercial dextrins ‘Bacteriological’? corn dextrin... .} 4000 100+ 
Soluble potato starch (Lintner)...| 1000 0 
Unbranched dextrins] Crystalline cycloheptaamylose.... 0 0 
Amyloheptaose..... Ae a Mee A 4000+ | 1000+ 
Sodium amyloheptaoate...........| 4000+ | 1000 
Maltose Commercial ¢c.p. Reagent 1........| 20 0 
66 3 ‘cc rk 100+ 0 
Laboratory Preparation 1......... 0 0 
PS js 7 ESS a er 2 0 0 
Other sugars MACORO NS co ent che cere 0 0 
“S JER CIECT: Cat Re oa 0 0 
PE RAISE 6 ooo ho oon ely Ses et 0 0 
Glucose-1-phosphate.............. 0 0 
Glucose-6-phosphateff............| 0 0 
a-Methyl glucoside. . | 0 0 
Raffinose....... : 0 0 
Melezitose........ 0 0 








is 





* Highest dilution of enzyme-substrate mixture that gave precipitation versus 
the dextran-reactive antiserum. 0, no precipitation with 1:20 or higher dilution. 
t Pentasol fractions (20) from corn-starch were kindly furnished by Dr. T. J. 


Schoch; those from potato starch were prepared by Mr. A. 8. Carlson. 


were dissolved in 0.5 n NaOH at 25° and adjusted to pH 4.6. 
t Extensive retrogradation occurred during the period of incubation with the 


enzyme. 


The amyloses 


§ Solutions in 1 n HCI were heated at 80° for 15 minutes, cooled, and adjusted 


to pH 4.6. The extent of hydrolysis (as glucose) was 14, 11, and 8 per cent for the | 


amylose, amylopectin, and glycogen. 
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Taste II—Concluded 


|| Solutions of the polysaccharides digested with diluted saliva at pH 5.5 or wheat 
g-amylase (21) at pH 4.6 for 15 minutes at 25°, heated at 100° for 10 minutes, and 
brought to pH 4.6. Hydrolysis of amylose, amylopectin, and glycogen (as ‘‘mal- 
tose’) was 70, 59, and 35 per cent in the case of salivary amylase digests and 75, 47, 
and 21 per cent in the case of the wheat amylase digests. 

§ Cycloheptaamylose and amyloheptaose (22) were kindly furnished by Dr. 
Dexter French. Oxidation of amyloheptaose (23) yielded sodium amyloheptaoate 
with one-fiftieth the reducing power, and Na content of 2.09 per cent. 

** Beet sugar, free from the traces of serologically active material found in most 
reagent sucrose (24). 

tt Kindly supplied by Dr. W. W. Wainio; Na salt adjusted to pH 4.6 with acetic 
acid. 
of a-1,4-linked p-glucopyranose units; 7.e., from amyloheptaose and from 
acid and salivary amylase hydrolysates of crystalline potato and corn 
amyloses. That fact gives strong support to the idea that the essential 
action of the Acetobacter enzyme is to convert polymerized 1 ,4-linked glu- 
cose units into polymerized 1,6-linked units. Moreover, since sodium 
amyloheptaoate shows activity as a substrate comparable to that of amy- 
loheptaose, while cycloheptaamylose is inert, the Acetobacter enzyme would 
appear to require a chain of 1,4-linked units with a free, non-reducing 
terminal. A single “propagative” step in the enzymatically catalyzed 
growth of a dextran macromolecule, occurring at the expense of a non- 
reducing terminal glucose unit of a linear dextrin molecule, might be pic- 
tured as in Fig. 1. “Branch points” and “reducing terminals” evidently 





yr the 





Fig. 1. Possible basic action step (transfer of glucosyl group from dextrin to 
dextran) of the Acetobacter enzyme. 
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are not required of a dextrin for its conversion to dextran, though further yas 
experiments are needed to determine what influence is exerted on the re- ¢yeqj 
action by glucose units in such special structural positions. The 

The failure of the Acetobacter enzyme to convert unhydrolyzed starch 
components or glycogens to serologically detectable dextran is worthy of tybe 
special comment, since the literature records but few examples of true wat, 
dextrinases; 7.e., enzymes capable of attacking amylaceous split-products, sg ybe 
though not starch or glycogen. According to current concepts of starch 
structure, chains of a-1,4-linked p-glucose units with non-reducing ter- 
minals should have been present in all the test mixtures with glycogen, 
amylopectin, or amylose; they should have been present, indeed, in con- 
siderably higher concentrations in the inactive mixture containing 1 per 
cent glycogen or amylopectin than, for example, in the mixture containing 
0.05 per cent amyloheptaose, which gave a positive test for dextran when 
diluted 1000 times. Evidently the arrangement of terminated glucose 
chains as part of a macromolecule makes them unsuited for conversion to 
dextran by the Acetobacter enzyme.® 

A similar limitation may also account for the failure of the 6-amylase 
digests of glycogen, amylopectin, and amylose to serve as substrates. The 
glycogen and amylopectin hydrolysates doubtless contained an abundance 
of terminated chains of glucose units, but presumably all were in the form 
of short outer branches of high molecular dextrins intermediate between 
the native polysaccharides and the limit dextrins. The potato amylose 
hydrolysate, which showed 75 per cent conversion to maltose, likewise 
may have contained no linear dextrin molecules smaller than several hun- 
dred glucose units in length. 

Action on Amyloheptaose—The most active and most well defined sub- 
strate found for the Acetobacter enzyme was the seven-membered linear 
dextrin (amyloheptaose) of French, Levine, and Pazur (22). The action 
of Acetobacter enzyme on this substance was examined from a quantitative 
aspect in order to determine the relationship between dextrin breakdown 
and dextran synthesis as well as to obtain information on the extent of 
dextrin utilization. 

A mixture containing Acetobacter enzyme, amyloheptaose (molecular 
weight 1152) in 1.00 mm final concentration, and 0.05 m acetate buffer, 
pH 4.6, was kept at 10° and analyzed at various intervals for both dextrin 
and dextran contents. For the analyses, a 1.0 ml. sample of the mixture 
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was heated at 70° for 10 minutes to destroy the enzyme activity, then 
treated with 2.0 ml. of 95 per cent ethanol and stored overnight at 10°. 
The alcoholic mixture was centrifuged, and the supernatant separated 
from the sediment by careful decantation and drainage into a clean test- 
tube. Both fractions were brought to near dryness over a gently boiling 
water bath, then treated with 2.0 ml. of 1 N HCl and hydrolyzed. The 
tube containing the supernatant (dextrin) fraction was fitted with an air 























0 2 4 6 8 10 
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Fig. 2. Action of Acetobacter enzyme on 1.0 mm amyloheptaose 
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sediment (dextran) fraction was sealed and kept in boiling water for 6 
hours. ‘The hydrolysates were then neutralized and analyzed for glucose. 

It is evident (Fig. 2) that at each period of analysis the amount of dex- 
tran that appeared in the mixture corresponded to the amount of dextrin 
that had been utilized. Moreover, in the course of the reaction, somewhat 
more than half of the amyloheptaose substrate was converted to macro- 
molecules of dextran. That is, a concentration of 7.06 mm of glucose, 
originally derived from 1.00 mm of the heptasaccharide, finally was ac- 
counted for by 3.67 mm of glucose from dextran and 3.39 mm of glucose 
from residual amylosaccharides. This result can be taken as evidence 


6 Although not shown in Fig. 2, the incubated enzyme-amyloheptaose mixture 
was very opalescent and possessed a high degree of serological activity versus type 
2 pneumococcus antiserum. 
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that the Acetobacter enzyme is able to cause dextran synthesis from dex- | is 
trin molecules as small as the tetrasaccharide. Whether the tetrasac- | zym 
charide or the trisaccharide represents the lowest active homologue, | a Pp 
however, cannot be decided from the experiment, since it is quite possible | var 
that true equilibrium may not have been reached. Maltose and glucose | con 


do not support dextran synthesis (Table II). sact 
sibl 
DISCUSSION r 


For the unique enzyme system of A. capsulatum that is able to convert | req 
chains of 1,4-linked glucose units into new chains of 1,6-linked units, | lyz 
the name dextran-dextrinase would seem most appropriate. The mode of | dex 
action of this enzyme system, though incompletely understood, appears | 
to be fundamentally like that of the other polysaccharide synthesizing 





enzymes (26). That is, dextran-dextrinase would seem to catalyze, as a 1 
bac 
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Fia. 3. Concept of the over-all action of Acetobacter dextran-dextrinase pro 

: : , tec’ 
basic reaction step, the transfer of an a-p-glucopyranosyl radical from a - 
terminal position in an appropriate dextrin molecule to a terminal position von 
in a growing dextran molecule, as illustrated in Fig. 1. Repetition of this ‘a 
basic step could then lead to the simultaneous degradation of a dextrin mn 
molecule and growth of a dextran molecule; 2.e. of | 
Dextrin, + dextran, — dextrin, _; + dextran, , 1 — dextrin, _2 + dextran, +2, etc. | par 





where the subscripts represent degrees of polymerization. For such a re- cle 


petitive process to occur, the catalytic agent must have affinity for a range 
of dextrins as glucosyl group donors as well as for a range of dextrans as 
glucosyl group acceptors, and we believe the Acetobacter enzyme has such 
affinity. d 

The range of suitable dextrin substrates extends from materials that | 7” 
give some color with iodine to 3 or 4 unit amylosaccharides, and thus evi- 
dently is restricted to relatively small molecules, many of which would be 
required for the formation of each individual macromolecule of dextran. 
Whether the enzyme transfers successively all possible glucosyl units from 
a single dextrin molecule before transferring units from another, or trans- 
fers a glucosyl unit first from 1 dextrin molecule, then from another, etc., 
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is not known. In either case, the over-all action of the Acetobacter en- 
zyme may be provisionally expressed as in Fig. 3; that is, n molecules of 
a particular dextrin with x transferable glucose units (or n molecules of 
various sized dextrins with an average of x transferable units) would be 
converted into a dextran polymer of nz units, plus n molecules of a residual 
saccharide, which, in the case of conversion of linear dextrins, may pos- 
sibly be maltose or maltotriose. 

Further study is needed to determine whether initiation of the reaction 
requires a trace of preformed dextran (analogous to phosphorylase-cata- 
lyzed reactions which need an amylaceous “primer’’) or whether certain 
dextrins can subserve this function.? 


SUMMARY 


1. Chemical analyses of the gummy product formed by cultures of Aceto- 
bacter capsulatum growing with dextrin showed it to be a high molecular 
weight polymer of p-glucopyranose units linked principally in a-1,6 posi- 
tions. The original serological identification of the product as a dextran 
similar to the sucrose-derived Leuconostoc dextrans is thereby confirmed. 

2. The synthesis of serologically active dextran from dextrins was, more- 
over, achieved in vitro by the action of a soluble enzyme system, dextran- 
dextrinase, obtained from A. capsulatum cultures. Products of partial hy- 
drolysis of amylose, amylopectin, and glycogen by acid or salivary amylase 
proved to be suitable substrates, but dextran formation could not be de- 
tected from unhydrolyzed amylose, amylopectin, or glycogen, or from prod- 
ucts of their partial hydrolysis by B-amylase. Cycloheptaamylose likewise 
was inert, though both amyloheptaose and sodium amyloheptaoate de- 
rived from it were active as substrates. Commercial maltose yielded small 
amounts of dextran on incubation with the enzyme, presumably because 
of the presence of traces of accompanying dextrins, whereas maltose, pre- 
pared in the laboratory from 6-amylase digests of amylopectin, gave a 
clearly negative result. 

3. Quantitative study of the course of the action of the enzyme on the 
amyloheptaose of French et al., which was the most active and well defined 
substrate available, showed that an exact correspondence exists between 
“dextrin utilized” and ‘‘dextran formed,” and also revealed that the en- 
zyme is able to cause dextran synthesis from molecules at least as small 
as amylotetraose. 

4. The general mode of action of the Acetobacter enzyme system, whereby 
chains of 1,4-linked glucose units are converted to new chains of 1,6- 
linked units, would appear to be fundamentally like that of other poly- 
saccharide-synthesizing enzymes. The mechanism may be pictured as the 
repetition of a single basic step; namely, the transfer of a glucosyl group 
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from a terminal position in a dextrin molecule to a terminal position in a 
growing dextran molecule. The reaction represents the first known in- 
stance of the conversion of one polymeric material into another, in which 
essentially every linkage is affected. 
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THE SYNTHESIS OF GLUCOSE-6-PHOSPHATE AND 
6-PHOSPHOGLUCONATE 


By J. E. SEEGMILLER anp B. L. HORECKER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, March 26, 1951) 


In studies of the enzymatic oxidation of 6-phosphogluconate, relatively 
large quantities of this substance in high purity were required. This led 
to a search for a convenient preparation of glucose-6-phosphate. Avail- 
able methods for the synthesis of glucose-6-phosphate, reviewed by Lardy 
et al. (1, 2), are laborious and not well suited to the preparation of large 
quantities of this substance. 

A procedure has now been developed, based on the phosphorylation of 
glucose with polyphosphoric acid. Pyrophosphoric acid has been reported 
to act as a phosphorylating agent for high molecular weight alcohols (3). 
More recently polyphosphorie or pyrophosphoric acid has been used by 
Cherbuliez and Weniger (4) in the preparation of phosphoenolpyruvic acid, 
phosphocholine, phosphoethanolamine, and glycerophosphoric acid. In 


| the direct phosphorylation of glucose with polyphosphoric acid, esterifica- 


49). 
0). 
1939). 

., 791 | 


tion occurs not only at the 6 position but at other positions as well. Since 
glucose-6-phosphate is resistant to acid hydrolysis (5), other esters formed 
could be removed by this means with little loss of glucose-6-phosphate. 
Selective hydrolysis with acid has been used by LePage and Umbreit 
(6) for the preparation of glucose-6-phosphate from Embden ester’ 

The oxidation of glucose-6-phosphate to 6-phosphogluconate with excess 
bromine for 48 hours at room temperature according to Robison and King 
(7) resulted in a product which, by enzymatic assay, was only 50 to 70 per 
cent pure and contained much inactive esterified phosphate. The yield 
of 6-phosphogluconate was correspondingly low. <A study of the rate of 
oxidation of glucose-6-phosphate by bromine confirmed the finding of War- 
burg and Christian (8) that glucose-6-phosphate was completely oxidized 
in 1 to 2 hours at room temperature. With the enzymatic assay described 
above, the quantitative formation of 6-phosphogluconate could be demon- 
strated and a pure product obtained in high yield. 


Methods 


Materials—Tetraphosphoric (polyphosphoric) acid was supplied by the 
Monsanto Chemical Company. 
Triphosphopyridine nucleotide (TPN) (purity 86 per cent) was pre- 
175 
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pared by a method involving purification by ion exchange chromatography ] 
of a crude liver fraction.! Glucose-6-phosphate dehydrogenase (Zwischen- | 2 
ferment) free of phosphogluconic dehydrogenase was prepared by the coh 
method of Kornberg (9). Phosphogluconic dehydrogenase was purified whi 
from yeast (10). tw 
Determinations—The assay for glucose-6-phosphate was carried out with | @8 
20 um (micromoles) of MgCl, 0.13 um of TPN, and Zwischenferment (0.13 | "° 
mg. of protein) in 0.04 m glycylglycine buffer, pH 7.4, in a total volume | V 
of 1.55 ec. The change in density at 340 my on addition of glucose-6- lite 
phosphate was measured with the Beckman spectrophotometer, and the | P' 
concentration was calculated from the extinction coefficient of 6.22 x 10° | Wt 
em.? mole (11). 6—Phosphogluconate was determined in the same man- A | 
ner, except that Zwischenferment was replaced by phosphogluconic dehy- sob 
drogenase (0.3 mg. of protein). Inorganic phosphate was determined by at 
the method of Fiske and Subbarow (12). Total phosphate was measured | (M 


by ashing with H.SO.-HNO; mixture. anc 
in ¢ 
Preparation of Glucose-6-Phosphate cen 


Phosphorylation—40 ce. of water were added to 400 gm. of anhydrous the 
polyphosphoric acid and the mixture was stirred mechanically in an ice the 
bath until the temperature had dropped to 5-10°. 174 gm. of anhydrous fect 
glucose (0.97 mole) were added without delay; the mixture was stirred I 
slowly for 16 hours at room temperature (25°) and the reaction stopped | °°: 
by the addition of 1 liter of water. This solution contained 132 mm of | lite 
glucose esterified at the 6 position, determined on an aliquot after hydroly- | _— 
sis at 100° for 45 minutes in 2.4 n hydrobromic acid. ; wat 

Removal of Inorganic Phosphate—520 gm. of anhydrous sodium carbonate | "t2 
were added to the reaction mixture with mechanical stirring. To aid in The 
the removal of CO, the warm mixture (about 60°) was evacuated on the | bat 
water pump for several minutes. The neutralized solution was diluted | chil 
with 2.6 liters of water, the pH now 7.3 to 7.6, and cooled overnight in | “t 
the cold room at 3° with stirring. To reduce the rate of cooling, the re- | Pre 
action mixture was placed in a 10 liter water bath which was initially about dri 
40°. The dense slurry of sodium polyphosphate crystals which resulted | @° 
was cooled in an ice bath with stirring for 4 to 6 hours and filtered with 82 | 
suction; the crystals were permitted to drain thoroughly. By this pro- be 
cedure 85 to 90 per cent of the inorganic phosphate was removed. The| V&? 
filtrate contained 112 mm of ester hydrolyzable to glucose-6-phosphate. } 

Hydrolysis—The filtrate (2.5 liters) was treated with 554 ce. of con- itt! 
centrated HBr (8.7 nN), refluxed for 16 hours, and cooled. 93 mm of glucose- bec 
6-phosphate remained. io 

Dp 











1A, Kornberg and B. L. Horecker, unpublished. 


| J. E. SEEGMILLER AND B. L. HORECKER 177 


wphy Precipitation of Barium Salts—The brown hydrolysis mixture was treated 
‘hen. | at room temperature with 500 gm. of barium carbonate, with capryl al- 
the | cohol to reduce foaming. This mixture was stirred for 4 hours, during 
iGed | which time the pH rose to 6.2 to 6.4, and filtered. The residue was washed 
twice by suspending it in 100 cc. portions of water. The filtrate and wash- 
with | ings containing the barium salt of glucose-6-phosphate were combined and 
(0.13 treated with 4 volumes of 95 per cent ethanol, and the flocculant precipitate 
lume | Was allowed to settle. The precipitate was centrifuged, washed with 1 
ge-6. | liter of 95 per cent ethanol, and packed hard on the centrifuge. The 
1 the | precipitate containing barium glucose-6-phosphate was extracted four times 
¢ 19s | with 150 ce. portions of water and the insoluble brown residue discarded. 
man- | 4 precipitate which formed when the extracts were combined was dis- 
Jehy. | Solved by the further addition of water and the solution was decolorized 
.d by | at room temperature for 2 hours with 1 to 2 gm. of activated charcoal 
sured | (Merck). The filtrate was treated with 4 volumes of 95 per cent ethanol 
and the precipitate was washed with absolute ethanol and ether and dried 
in air. This product contained no inorganic phosphorus and 83 to 93 per 
cent of the organic phosphate was glucose-6-phosphate. The purity of 
drous| the dry barium salt, based on enzymatic assay, was 77 to 89 per cent and 
in ice} the yield was 36 to 39 gm. (73 mm). Some further purification was ef- 
drous| fected by conversion to the potassium salt. . 
tirred| Preparation of Potassium Salt—5 gm. of the barium salt dissolved in 30 
opped | cc. of water were converted to the free acid by passage through an Amber- 
nm of | lite cation exchange resin (IR-100, hydrogen ion form) in a column 37 
droly- | ™. X 8.3 sq. cm. The glucose-6-phosphoric acid was washed through 
' with water at a rate of 5 cc. per minute. Recovery was essentially quan- 
onate | titative in the first 500 cc. following the appearance of acid in the effluent. 
aid in| Lhe effluent was evaporated to a thick syrup at 15 mm. pressure in a 35-40° 
mn the| bath. This syrup was dissolved in 400 cc. of 95 per cent ethanol and 
jluted | chilled, and 0.1 n KOH in absolute methanol was added with stirring 
ght in| until the supernatant became green to added brom thymol blue. The 
he re-| Precipitate was centrifuged, washed with absolute ethanol and ether, and 
about | dried in vacuo. On the assumption that the product was principally the 
sulted | Monopotassium salt, the purity of the dry salt by enzymatic assay was 
| with 82 to 90 percent. If some dipotassium salt were present, the purity would 
$ pro- be higher. The potassium salt was somewhat hygroscopic and less con- 
The | venient to store than the barium salt. 
phate. | Yield and Purity—The original phosphorylated mixture contained very 
f con-| little glucose-6-phosphate as determined by enzymatic assay, presumably 
lucose- because the glucose was esterified at several positions or because of the 
presence of pyrophosphoric ester linkages. As is shown in Fig. 1, glucose- 
6-phosphate was formed during the early stages of acid hydrolysis, while 
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the total organic phosphate decreased. In this experiment, glucose-6-phos- | inac 
phate accounted for 98 per cent of the total esterified phosphate at the | this 
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Fig. 1. Hydrolysis of phosphorylated glucose. The hydrolysis was carried out in A sr 
1.6 nx HBr essentially as described in the preparation procedure. Glucose-6-phos- | supe 
phate was determined on neutralized aliquots by enzymatic assay as described in | cc.) 
the text. Organic phosphate was determined on the aliquot after removal of in- 


organic phosphate by neutralizing with barium carbonate and barium hydroxide. | 
A small correction for loss due to coprecipitation was calculated from the loss of | d 
glucose-6-phosphate. | with 
the : 

TABLE I 
aera 


Yield and Purity of Barium Glucose-6-phosphate | aiid 




















Preparation No. | Glucose added —— Purity* ee eee 100, 354 | 
| ture 
| gm. gm. per cent driec 

1 - 10.6 81 88 zym 
2 10.0 85 93 96 x 
3 14.8 89 85 my 
4 15.9 80 86 _— 
5 174 | 38.9 77 83 the 
6 ~~ | 2. | * | 85 glue 
* Corrected for moisture loss in a high vacuum at 57°. These determinations TY 
were made in the microanalytical laboratory of the National Institutes of Health bua 
under the supervision of Dr. W. C. Alford. ~ 
pnhor 


The phosphorus content of the barium salt was 7.15 to 7.28 per cent 
compared with the theoretical value of 7.85 per cent. On this basis it 
was 91 to 93 per cent pure and compared favorably with other preparations —_G 
described. However, during the operations following acid hydrolysis, 4 with 
small part of the glucose-6-phosphate was apparently converted to esters salt 
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inactive in the highly specific enzymatic test. One-third to one-half of 
this inactive phosphate has been identified as fructose-6-phosphate. The 


yield and purity of the final product in a number of preparations are shown 
in Table I. 


Preparation of 6-Phosphogluconate 


20 gm. of barium glucose-6-phosphate (purity 79 per cent) were dis- 
solved in 142 ce. of water and the small insoluble residue centrifuged. To 
the supernatant were added 23.6 gm. of barium carbonate and 2.8 cc. of 
bromine, and the mixture was kept for 2 hours at room temperature with 
frequent shaking. Excess bromine was removed by aeration and barium 
carbonate filtered and washed. The filtrate and washings were adjusted 
to pH 3.5 by the addition of 3.1 cc. of glacial acetic acid and precipitated 
by the addition of 940 cc. of ethanol. The mixture was cooled to 0° and 


| centrifuged, and the precipitate was washed with 200 cc. of 80 per cent 


ethanol and dried in vacuo over potassium hydroxide and calcium chloride. 
A small additional amount of 6-phosphogluconate was recovered from the 


| supernatant by treating it with saturated barium hydroxide solution (124 


/ 


ce.) until it was pink to phenolphthalein, and the precipitate was centri- 
fuged, washed with 80 per cent ethanol, and dried. 

The dried precipitates were combined and dissolved in 1 liter of water 
with the aid of 3.5 ec. of glacial acetic acid. Helium was passed through 
the acidified solution to remove remaining carbon dioxide. With continued 


| aeration with helium, 179 cc. of saturated barium hydroxide were slowly 
| added until a permanent pink phenolphthalein end-point was reached. 
| 354 ce. of absolute ethanol were added, and, after 1 hour at room tempera- 


ture, the precipitate was filtered with suction, washed with ethanol, and 
dried. 20.3 gm. of barium 6-phosphogluconate were obtained. By en- 
zymatic assay with phosphogluconic dehydrogenase, the purity was 92 to 
96 per cent, corrected for moisture loss in a high vacuum at 77°. The 
yield was 85 to 90 per cent. Enzymatic assay with Zwischenferment placed 
the glucose-6-phosphate content at less than 0.5 per cent. 6-Phospho- 
gluconate accounted for 99 per cent of the total phosphate. 


The authors are indebted to Dr. C. W. Sondern of the White Labora- 


tories for the initial suggestion that pyrophosphoric acid be used as a phos- 
phorylating agent. 


SUMMARY 


Glucose-6-phosphate has been synthesized by direct phosphorylation 
with polyphosphoric acid. By this method 36 to 39 gm. of the barium 
salt can readily be prepared in a single laboratory scale run. 
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The purity of the barium salt based on its phosphorus content was 91 
to 93 per cent, but in the specific enzymatic test a part of this phosphate 
was found to be inactive. The purity based on enzymatic assay was 77 
to 89 per cent. 

Barium 6-phosphogluconate prepared in 85 to 90 per cent yield from 
barium glucose-6-phosphate by a modification of the method of Robison 
and King was 92 to 96 per cent pure and free of other phosphate esters. 


BIBLIOGRAPHY 


. Lardy, H. A., and Fischer, H. O. L., J. Biol. Chem., 164, 513 (1946). 
. Lampson, G. P., and Lardy, H. A., J. Biol. Chem., 181, 693 (1949). 

. Bohme, H. T., British patent 419,868 (1934). 

. Cherbuliez, E., and Weniger, H., Helv. chim. acta, 29, 2006 (1946). 

. Farrar, K. R., J. Chem. Soc., 3131 (1949). 

. LePage, G. A., and Umbreit, W. W., J. Biol. Chem., 147, 263 (1943). 
. Robison, R., and King, E. J., Biochem. J., 25, 323 (1931). 

. Warburg, O., and Christian, W., Biochem. Z., 292, 287 (1937). 

. Kornberg, A., J. Biol. Chem., 182, 805 (1950). 

10. Horecker, B. L., Federation Proc., 9, 185 (1951). 

11. Horecker, B. L., and Kornberg, A., J. Biol. Chem., 175, 385 (1948). 
. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 


OCoOnNoarwnd- 





(Fron 


toth 
volvi 
phat 
(chic 
preti 
diast 
relea 
have 


1 
te 
17 


on. 
cs. 





AN IMPROVED METHOD FOR THE DETERMINATION OF 
PANTOTHENIC ACID IN TISSUES 


By G. DAVID NOVELLI anp FRANK J. SCHMETZ, Jr. 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and 
the Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, April 16, 1951) 


During work on coenzyme A (CoA), a method for the liberation of pan- 
tothenic acid from the coenzyme was worked out (1). The method in- 
volves the use of a combination of two enzymes; namely, intestinal phos- 
phatase and an enzyme extractable from acetone powder of bird liver 
(chicken (2), duck, or pigeon). This procedure proved the most efficient 
pretreatment to liberate bound vitamin under conditions in which taka- 
diastase, papain, or mylase P, enzymes which are usually employed to 
release bound pantothenate, are unsuccessful. Neilands and Strong (2) 
have applied this method to the measurement of pantothenate in various 
biological products and were able to demonstrate a 4- to 10-fold greater 
yield of pantothenate than by the use of the earlier methods for estimating 
bound pantothenate. 

A considerable inconvenience in the use of the combined enzyme method, 
already apparent in the earlier work (1), was the relatively high panto- 
thenate blank introduced by the enzyme preparations, in particular the 
liver enzyme. This high blank necessitates applying a correction factor, 


| which in the case of materials of low pantothenate content may represent 


up to about 100 per cent of the pantothenate present in the test material. 
This high enzyme blank is due to the relatively high CoA content in the 





liver enzyme, which, during the incubation period, is converted to pan- 
tothenate. 

Recently a method for reducing the CoA content of the liver enzyme 
has been developed, which is based on the observation, in this laboratory 
(3), that CoA can be very efficiently adsorbed by various resins as well 





as by charcoal. It appeared that by treatment with one of these resins 

the CoA content, and therewith the blank of the liver enzyme, can be 

reduced to a very low level without appreciable loss of CoA-splitting ac- 

tivity. The present report is a description of the application of resin 

treatment to the preparation of liver enzyme and its use in liberating 
bound pantothenate. 

| Enzyme Preparations 


Liver Enzyme—This enzyme was prepared from acetone-dried pigeon 
| liver powder as previously described (1). The enzyme can also be pre- 
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pared from chicken or duck liver acetone powders. Through Armour and 
Company, pigeon liver acetone powder is now made commercially avail- 
able. A sample of this material was tested and found to yield a potent 
preparation of the enzyme. 

The enzyme solution is prepared by carefully rubbing the acetone powder 
into 10 times its weight of ice-cold 0.02 m potassium bicarbonate, to give a 
smooth suspension. After centrifuging at 3000 r.p.m. for 30 minutes in 
the cold, the reddish brown supernatant is saved and stored at —20°. 

Treatment of Liver Enzyme with Dowex-1—Dowex-1 (anion exchange 
resin), 200 to 400 mesh, obtained from The Dow Chemical Company, Mid- 
lands, Michigan, is washed twice with 10 volumes of n HCl by centrifuga- 
tion. The acid-treated resin is then washed eight to ten times with 10 
volumes of water until the pH is approximately 5. The resin is left as a 
slurry of a consistency which can just be pipetted with a 10 ml. serological 
pipette. 

To 1 volume of acid-washed Dowex-1 are added a few drops of m tris- 
(hydroxymethyl)aminomethane buffer, pH 8.3, to bring the pH to about 
8.0. Then 1 volume of ice-cold liver enzyme is added and the suspension 
is stirred for 3 to 5 minutes in an ice bath. The suspension is centrifuged 
at 5000 r.p.m. and the supernatant is poured off and again treated with 
1 volume of Dowex-1 adjusted to pH 8.0. Two such Dowex treatments 
-usually reduce the CoA to a very low level as judged by pantothenate 
determination (cf. Table I). 

Intestinal Phosphatase—Enzyme solutions were prepared from a product 
available from Armour and Company. A 2 per cent solution of their 
product is prepared in distilled water and tested for phosphatase activity 
by the method of Schmidt and Thannhauser (4). This solution generally 
contains around 100 Schmidt-Thannhauser units per ml., and 0.1 ml., con- 
taining 5 to 10 units, is used in the test system. 

CoA was estimated by the method of Kaplan and Lipmann (5). 

Pantothenic acid was measured by the turbidimetric method of Skeggs 
and Wright (6), with Lactobacillus arabinosus 17-5 as test organism. 


Pantothenic Acid Assay 


Liberation of Bound Pantothenate with Dowex-Treated Enzymes—The rou- 
tine method for liberation of pantothenate bound as CoA is as follows: 

To a sample of the unknown containing 5 to 15 y of bound pantothenate 
are added 0.1 ml. of intestinal phosphatase (containing 5 to 10 units (4)), 
0.2 ml. of Dowex-treated liver enzyme, and 0.1 ml. of m tris(hydroxy- 
methyl)aminomethane buffer, pH 8.3, in a final volume of 1.0 ml. A 
control tube without the sample, but containing the two enzymes, is also 
prepared. The tubes are incubated for 3 hours at 37°, when the reaction 
is stopped by boiling. The samples are then diluted to bring them within 
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range of the microbiological assay. With L. arabinosus as test organism 
and a turbidimetric assay, pantothenate is best detected in amounts of 
0.02 to 0.08 y. If the unknown contains 5 to 15 y of bound pantothenate, 
then a dilution of 1:100 to 1:300 will permit the microbiological assay. 
This dilution will be large enough to minimize the blank value of the en- 
zymes and therefore an unduly large correction factor is avoided. 


Comments 


Removal of CoA by Dowex-1—Conventionally prepared liver enzyme, 
alone and with CoA, was incubated before and after treatment with the 
resin. The data of Table I show that two resin treatments reduce the 
blank 9-fold without impairing liberation of pantothenic acid. 

As an example for a determination on pantothenic acid-poor material, 








TABLE I 
Effect of Dowex Treatment on Pantothenate Content of Liver Enzyme 
Pantothenic 
. Pantoth acid liberated f: 
ae Tao." 

i 7 per cent 
Fresh Armour enzyme, Lot 5............... 4.4 13.2 95 
Ist Dowex treatment... 0.00.56 5 ences ees 1.3 y a4 1 94 
ind: MR Or ERT OR se inci es 0.5 3.9 99 














* For this test, the enzymes were incubated in the absence of CoA. 

t Each tube contained 0.1 ml. of intestinal phosphatase, 20 units of CoA, 0.1 ml. 
of tris(hydroxymethyl)aminomethane buffer, pH 8.3, and 0.2 ml. of pigeon liver 
enzyme in a final volume of 1.0 ml. 


an assay on an extract from rice hulls is described. 300 mg. of rice hulls 
were suspended in 9.0 ml. of water, boiled 15 minutes, centrifuged, and 
the supernatant was concentrated to 2.8 ml. 2.0 ml. of this concentrated 


| extract were treated with the combined enzymes by the method used in 


eggs | Table I. After the 3 hour incubation period, the samples were diluted 


rou- 
ows: 
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; also 
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1:10 for the microbiological assay. The corrected value for pantothenic 
acid was 2.35 y per ml. of concentrated hull extract. Even with the rela- 
tively low pantothenic acid content, the blank was only 6 per cent of the 
total value. A comparison with the high blank for untreated liver extract 
(Table I) shows that with such extracts the blank would have amounted 
to such a large percentage of the total that it would have seriously vitiated 


| the determination. 


Function of Liver Enzyme in Pantothenic Acid Liberation 


As previously noted, alkaline phosphatase removes all bound phosphate 
from the coenzyme. The dephosphorylated split-product is, however, with 











184 DETERMINATION OF PANTOTHENIC ACID 


L. arabinosus still only one-tenth to one-fifth as active as free pantothenate. 
To complete the liberation of pantothenic acid, the action of the liver 
enzyme is required (7). The link in the coenzyme, acted upon by the 
liver enzyme, was suspected to be a peptidic link (8). Recent studies 
have clarified this point. The discovery of the Lactobacillus bulgaricus 
factor (LBF) (9) and its identification as a CoA fragment (10) have cast 
new light on the nature of the functioning of the liver enzyme in panto- 
thenic acid liberation: Snell and his group (10) observed that intact coen- 
zyme A was inactive as LBF, but that this factor was liberated from CoA 
by intestinal phosphatase. On the other hand, treatment with liver en- 
zyme inactivated the CoA for activity as LBF. In parallel studies in 
this laboratory, it appeared that intestinal phosphatase left the panto- 
thenic acid still linked to a sulfur-containing moiety (8), which eventually 








Tase II 
Liberation of Pantothenate from L. bulgaricus Factor (LBF) 
Treatment ponies | Meee 
v 7 
LBF* None 1.35 
i Dowex-liver 5.25 3.90 
“ + intestinal phosphatase 5.10 3.75 














* LBF concentrate from Merck and Company, Inc.; contained 100 LBF units 
per mg. 


was removed by the liver enzyme. The final explanation of the activity 
of the liver enzyme was obtained by the identification by Snell e¢ al. (11) 
of LBF as N-pantothenylthiolethylamine. The liver enzyme, therefore, 
splits the peptidic link between the carboxyl of pantothenic acid and the 
amino group of thiolethylamine. 

An example of the liberation of pantothenate from a crude concentrate 
of LBF is given in Table II. It can be seen that no more pantothenate 
is liberated by the combined enzymes than is released by the liver enzyme 
alone, in confirmation of Snell’s (10) observation that LBF may be de- 
rived from CoA by treatment with intestinal phosphatase. Snell e¢ al. 
(11) report a value of 0.03 y of pantothenate per LBF unit. By use of 
Snell’s factor, 3.9 y per mg. of bound pantothenate, in the sample of Table 
II, amounts to 130 LBF units per mg. This is in good agreement with an 
estimated value of 100 LBF units per mg. obtained by L. bulgaricus assay.’ 


1 We are indebted to Dr. David Hendlin of Merck and Company, Inc., for this 
assay and the LBF preparation. 
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DISCUSSION 


During work with CoA over the past few years, it has become apparent 
that a variety of degradation products of the coenzyme may arise through 
enzymatic cleavage of CoA by certain enzymes in tissues (1). The pan- 
tothenic acid conjugate of Cheldelin and coworkers (12) and the LBF of 
Snell e¢ al. (10) and Williams et al. (9) may be considered as examples 
of such degradation products. Other breakdown products of the coen- 
zyme have been prepared in this laboratory by use of various enzymes 
(13). These split-products no longer possess CoA activity. Most of them 
still contain pantothenic acid bound in such a form as to be unavailable to 
L. arabinosus. However, from all the degradation products so far known, 
pantothenate can be liberated by the combined enzyme method. This 
experience in turn appears to confirm our previous assumption that most, 
if not all, cellular pantothenic acid is bound in CoA. 


SUMMARY 


1. A method is described for treatment of liver enzyme with Dowex-1 
which removes bound forms of pantothenic acid. With this treatment, 
the ability to liberate bound pantothenic acid from various materials is 
not impaired. 

2. The use of Dowex-treated liver extracts in the combined enzyme 
treatment for liberation of pantothenic acid reduces the blank in the pan- 
tothenic acid assay to a very small correction value. This makes the 
assay applicable to material with low pantothenic acid content. 

3. The function of the liver enzyme in the assay procedure is discussed. 
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Recently we reported the presence of an enzyme system, widely dis- 
tributed in microorganisms,! which catalyzes the exchange of the amide 
group of asparagine and glutamine with hydroxylamine (2) or isotopic 
ammonia (3). These enzymatic potencies, which were named tentatively 
glutamo- and aspartotransferase activities (GTF and ATF), occur also in 
plant material (4) and mammalian tissues (5). 

In this report, a study is presented of the effect of amino acids, as well 
as of other amines, on the enzymatic synthesis of glutamohydroxamic acid 
(GHA), with glutamine and hydroxylamine as substrates and a cell-free 
extract of Proteus vulgaris as a source of enzymes. Some observations on 
the action of these substances on the enzymatic synthesis of aspartohy- 
droxamice acid (AHA) are included. The information obtained in this 
study was greatly strengthened and amplified by experiments in which 
the effect of amino acids and amines on the enzymatic splitting of glutamo- 
hydroxamic acid was investigated. In the course of these studies, the re- 
versibility of the reaction glutamine + hydroxylamine @ glutamohydrox- 
amic acid + ammonia was demonstrated. Furthermore, the activation 
of GTF by copper and by mono- and polyhydric alcohols was observed. 


EXPERIMENTAL 


Materials and Methods—The preparation of the cell-free extract of P. 
vulgaris and the preparation and properties of glutamo- and aspartohy- 
droxamic acids have already been described (2). 


* Supported by grants of the Rockefeller Foundation and The National Vitamin 
Foundation. A preliminary report has appeared elsewhere (1). 

t Fellow of the National Institutes of Mental Health. 

t Fellow of The National Vitamin Foundation. 

‘It was reported previously (2) that resting cells of some microorganisms ex- 
hibited both GTF and ATF activities, while in others only one or none could be 
demonstrated. It has now been found that ATF may be extracted from a strain 
of Aerobacter aerogenes, the resting cells of which showed only GTF activity. This 
finding is in support of the suggestion (2) that the inability to show the presence 
| of GIF or ATF under particular experimental conditions should not be taken as a 
final proof of the actual absence of the enzymes in the organism. 
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The details of the experiments are given in the legends to Tables I to 
IV and Figs. 1 and 2. Paper chromatography was employed extensively 
for separation and identification of the products of enzymatic splitting 
and synthesis. Ascending chromatograms (6) were developed with phenol- 
water, and for quantitative estimation the procedure suggested by Roberts 
and Frankel (7)? was used. For all experiments reported below, simul- 
taneous controls were carried out in which the effect of the substance to be 
tested was determined on the color development of synthetic GHA or 
AHA in the ferric chloride reaction. Amino acids increased the color to a 
varying degree up to 20 per cent. Ethanol, methanol, and glycerol en- 
hanced the color considerably, whereas glucose had no appreciable effect. 
Cupric ion in the concentrations used did not affect the color development. 
Since the presence of the test substances influenced only the quantitative 
aspects of the color reaction, the control data are not given, although all 
values reported are corrected for this effect. 


Inhibition and Activation of Enzymatic Synthesis of GHA and AHA 


Amino Acids and Amines (Table I)—The addition of amino acids and 
amines inhibited to a varying degree the enzymatic synthesis of GHA. 
The most potent inhibitors (of the GHA synthesis) were glycine and L- 
aspartic acid. It is probable that in those cases in which the racemic 
-amino acid was used the L isomer would have shown much stronger in- 
hibiting power in equimolar amounts, since the L isomer of aspartic acid 
was approximately 10 times more effective than its enantiomorph. Glu- 
tamic acid was a very weak inhibitor of GHA synthesis but somewhat 
more effective in AHA synthesis. Glycine and L-aspartic acid, on the 
other hand, even in very high concentrations, inhibited only slightly the 
synthesis of AHA. 

Since glycine proved to be one of the strongest inhibitors of GHA syn- 
thesis, the structural requirements for inhibition were studied with this 
amino acid. Glycine ethyl ester, although considerably weaker than the 


free amino acid, still inhibited by about 40 per cent at a molar ratio of | 


glutamine to ester of 1:10. Hydroxy-u-proline, B-alanine, and N-substi- 
tuted derivatives of glycine, such as acetylglycine, ureidoglycine, and glu- 
tathione, did not inhibit at all in concentrations in which glycine was very 
effective. These results show that an intact and unsubstituted amino 
group in the a position is necessary for inhibition. Hydrazine, ammonia, 
and two substituted hydroxylamines were tested for their effect on GHA 
synthesis. Whereas the substituted hydroxylamines were weak inhibitors, 
the two other bases effectively suppressed GHA synthesis. 


* We are indebted to Dr. E, Roberts for acquainting us with this method prior 
to publication. 
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The nature of the inhibition was studied with glycine and L-aspartic 
acid, as representatives of the amino acids, and ammonia and hydrazine, 
as the representatives of the bases. In Figs. 1 and 2 the results of the 
experiments, in which varying concentrations of glutamine or hydroxyl- 
amine with a constant concentration of the inhibitor (glycine or ammonia) 


TaBe I 
Effect of Amines on Enzymatic Synthesis of GHA and AHA 
GHA synthesis, 2 ml. contained 20 um of glutamine, 20 ym of hydroxylamine, and 
0.5 ml. of enzyme extract, pH 8; incubation 1 hour at 35°. AHA synthesis, 2 ml. 


contained 30 um of asparagine, 200 um of hydroxylamine, and 0.1 ml. of enzyme ex- 
tract, pH 6.2; incubation for 1 hour at 35°. 




















Molar ratio of | ohibition of | Molar ratio of | tuhibition of 
oe hydrosyamine satiate hydrorylamine- mt. ..% 
per cent ber cent 
GISOMO! ss :5:ec5 azunoms cee ee Leb 30 1:1:30 30 
1:1:8 73 1:1:10 0 
p-Agpartic aid... .:.0...0.228. jl Oar des: 97 1:1:10 30 
‘ CSR Speen e ire ees 2:2:1 50 
BeABPOrIO atures 1:1:5 40 
GALACDIONG® 55... 1 | 0 
Uroidoglycine: .......:2266.04.. keke 0 
Glycine ethyl ester........... 1:1:10 40 
DL-HGHIONING: ..........-.266<00 1:1:20 60-80 
L-Arginine, L-ornithine....... 1:1:20 60-80 
pu-Methioninesulfoxide....... 1:1:20 40-59 
L-Histidine, t-lysine........... 1:1:20 40-59 
Hydroxy-t-proline............ 1:1:20 0-10 
ROMAINE SO ccc ccae oe da Saas ED 0-10 
BCCtVIBIVOING 5..psv ees es 1:1:20 0-10 
t-Glutamic acid.............. 1:1:20 0-10 1:1:10 25 
GRONHES «die Sa Pa See vee E220 0-10 
CrBtOies: ss cegueee Se EY 17 
a ree oh ether 1:1:8 54 1:1:10 54 
Moethoxyamine.......2....:.. 2:31:10 0-10 
Carboxylmethoxyamine....... 231-10 0-10 
FRVOTASINO $3) Sct e rates ees 2:1:10 63 
Ammonium chloride.......... 2:1:10 46 





were used, are presented according to Lineweaver and Burk (8) by plotting 
the reciprocal of the initial reaction velocity (1/v) against the reciprocal 
of the substrate concentration (1/8). This plot yielded straight lines in 
the absence or presence of glycine, with a common ordinate intercept when 
S = glutamine concentration as postulated for the case of competitive 
inhibition (Fig. 1). The same was true for the ammonia inhibition when 
the hydroxylamine concentration was varied (Fig. 2). Variation of the 
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hydroxylamine concentration, on the other hand, did not affect the glycine 
inhibition, nor did variation of glutamine concentration influence the in- 
hibition exerted by ammonia. L-Aspartic acid and hydrazine behaved in 
a manner similar to glycine and ammonia, respectively. 

From Figs. 1 and 2, the approximate enzyme-substrate dissociation con- 
stant (K,) for glutamine and hydroxylamine may be calculated (K, (glu- 
tamine) = 5or7 X 10-%, K, (hydroxylamine) = 2.4 or 2.3 X 10-*). Since 
amino acids substituted on the a-amino group do not inhibit GTF, and 























or , /5¢ 
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Fig. 1 Fig. 2 


Fia. 1. Glycine inhibition of GHA synthesis. Ordinate, 1/v (v = moles of GHA 
per liter formed in 60 minutes); abscissa, 1/S (S = moles of hydroxylamine or 0.1 
mole of glutamine per liter). @, varying concentrations of glutamine; X, same 
plus 0.2 m glycine; A, varying concentrations of hydroxylamine; A, same plus 0.1 m 
glycine. Total volume, 2 ml. containing 0.5 ml. of enzyme, pH 8; 35°. 

Fig. 2. Ammonia inhibition of GHA synthesis. Ordinate, 1/v (v = moles of GHA 
per liter formed in 90 minutes); abscissa, 1/S (S = moles of glutamine or hydroxyl- 
amine per liter). @, varying concentrations of glutamine; X, same plus 0.05 m 
NH.Cl; A, varying concentrations of NH,0H; A, same plus 0.05 m NH,Cl. Total 
volume, 2 ml. containing 0.5 ml. of enzyme, pH 8; 35°. 


esters inhibit less than the free amino acid, it appears that the attachment 
of the amide to the enzyme is interfered with most strongly at those cen- 
ters of the enzyme responsible for the attachment of the a-amino group 
of glutamine and less strongly at those centers responsible for that of the 
a-carboxyl group. These results do not exclude the possibility that a 
small fraction of amino acids may have exchanged with the amide group 
of glutamine, but the search for peptides with the aid of paper chromatog- 
raphy did not give any indication of the formation of y-glutamyl peptides. 

Cupric Ion and Alcohols—Since amino acids as such apparently could 
not substitute for hydroxylamine or ammonia in the exchange with the 
amide group of glutamine, the effect of metals which form complexes and 
of alcohols which influence the ionization of amino acids was investigated. 
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Although the goal of modifying the properties of glycine to such an extent 
that it would substitute for hydroxylamine in the exchange reaction was 
not realized, it was found that among the metals tested copper enhanced 
considerably the GTF activity. The addition of cupric salts not only 


TABLE II 
Effect of Cu** on Enzymatic GHA and AHA Synthesis 
GHA synthesis, 2 ml. contained 20 um of glutamine, 20 um of hydroxylamine, 0.5 
ml. of enzyme extract, pH 8; incubation for 1 hour at 35°. AHA synthesis, 2 ml. 


contained 30 um of asparagine, 200 um of hydroxylamine, 0.1 ml. of enzyme extract, 
pH 6.2; incubation for 1 hour at 35°. 











Experiment No. Pt. —— GHA formed Activation 
mM X 10 M X 1073 uM per cent 
1. GHA 2.3 
1 3.8 65 
0.5 3.9 70 
0.1 3.4 50 
7 i 3.4 
1 5.5 62 
KCN 
1 1 5.8 70 
1 5 3.4 0 
os 1.4 
1 2.7 92 
Cysteine 
L 1 2.6 85 
1 5 1.6 14 
5 1.4 0 
ni 2.3 
1 4.2 83 
Versene* 
1 5 2.3 0 
1. AHA 2.5 
0.2 1.4 —44 
0.02 1.8 —28 
0.002 2.3 | —8 














* Ethylenediaminetetraacetic acid tetrasodium salt. 


activated GTF but also overcame the inhibition by glycine. On the other 


| hand, the activation by cupric ions could be decreased by the addition of 


agents which form complexes other than natural amino acids, e.g. ethyl- 
enediaminetetraacetic acid (versene) or cyanide (Table II). 

Although GTF undoubtedly represents only a small fraction of the pro- 
teins of the cell-free extract of P. vulgaris, it is probable that the copper 
activation affects in some unknown way the enzymatic reaction itself, 
since 100-fold purification of GTF did not change the qualitative aspects 


ViiM 
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of the effect of copper. It cannot be concluded from the data whether 
the metal influences the enzyme or converts the substrates into a more 
reactive configuration. Since the activation by copper in the presence of 


hydroxylamine proceeds in a strongly reducing medium, the possibility | 


exists that cuprous ions were the activating agent or that the system 
cupric-cuprous ions is necessary for activation. Such a conclusion can- 
not be drawn from the available data and evidence may only be obtained 
from the study of an enzymatically catalyzed exchange reaction in which 
hydroxylamine is replaced by a non-reducing base. The activation of GTF 
by cupric ion suggests that the metal is a component which may be neces- 
sary for the enzymatic activity. All efforts to inactivate the enzyme ex- 
tract by incubation for different time periods and at various pH values 
with agents which form complexes such as versene or cyanide were unsuc- 
cessful. Thus, if present as a metalloprotein, the enzyme must have a 
very strong affinity to copper. It is of interest to note the effect of copper, 
in concentrations which activate GTF, on other enzymes in the extract. 
Glutaminase and asparaginase were not affected by cupric ion, while ATF 
activity was inhibited by concentrations of copper far below those acti- 
vating GTF (Table IT). 

Methanol, ethanol, glycerol, and glucose activated GTF (Table III). 
The two monohydric alcohols and glycerol showed a peak of activation 
after which denaturation of the enzyme set in. ATF activity was strongly 
inhibited by concentrations of ethanol or glycerol which activated GTF. 
In this respect this enzyme was affected by the alcohols as it was by copper. 

Effect of Phosphate and Amino Acids on Enzymatic Splitting of GHA— 
The splitting activity of extracts could be considerably enhanced by the 
addition of phosphate (Table IV). The presence of phosphate increased 
the rate of GHA decomposition also in the absence of the enzyme extract. 
This finding is reminiscent of the observation that glutamine is more easily 
decomposed in phosphate buffer than in acetate buffer (9). Amino acids 
which inhibited the synthesis of GHA had a similar effect on the enzymatic 
splitting. This effect was apparently caused by the interference of the 
amino acid with the attachment of GHA to the enzyme in a manner simi- 
lar to that observed in the enzymatic synthesis of GHA. On the other 
hand, the splitting of GHA was speeded up considerably by hydrazine and 
ammonia. 

Effect of Hydrazine and Ammonia on Splitting of GHA—Whereas amino 
acids inhibit both the enzymatic synthesis and splitting of GHA, ammonia 
and hydrazine inhibit the synthesis and accelerate the splitting. It has 
been shown above that the inhibition of GHA synthesis by the two bases 
is of a competitive nature. The synthesis of glutamine in the enzymatic 
splitting of GHA in the presence of ammonia was ascertained with the 
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TaBLeE III 
Effect of Alcohols on Enzymatic GHA and AHA Synthesis 
GHA synthesis, 2 ml. contained 20 um of glutamine, 20 um of hydroxylamine, 0.5 
ml. of enzyme extract, pH 8.0; incubation for 1 hour at 35°. AHA synthesis, 2 ml. 


contained 30 uM of asparagine, 200 um of hydroxylamine, 0.1 ml. of enzyme extract, 
pH 6.2; incubation for 1 hour at 35°. 



































Final 
sa edna tration fcrmed | “Gas | added | Soemed |” tion | formed | thom 
alcohol 
per cent uM per cent uM pM per cent pM per cent 
Ethanol 2.9 40 1.3 55 5.8 
12.5 4.9 70 40 1.9 61 2.3 60 
25.0 3.6 24 40 1.6 55 1.5 74 
37.5 0.2 —100 40 0.3 1.4 76 
Glycerol 0.7 9.0 
20 1.2 70 3.8 58 
40 2.7 290 
60 2.6 270 0 100 
80 0 —100 
Glucose 1.6 
20 1.9 20 
40 2.1 30 
60 2.5 60 
TasBLe IV 


Enzymatic Splitting of GHA 
2 ml. contained the indicated amount of enzyme extract or water, the indicated 
amount of pure GHA, and the addition, pH 8.0; incubation for 4 hours at 35°. 








Enzyme extract Compound added GHA Splitting 
ml uM per cent 
1 0 
0.5 0.77 23 
0.5 Glycine, 40 um 0.95 5 
0.5 Glutamic acid, 20 um 0.78 22 
0.5 Hydrazine, 100 um 0.3 70 
0.5 Ammonium chloride, 100 us 0.45 55 
2.0 0 
NazHPO,, 20 um Es? 15 
0.5 1.6 20 
0.5 NazHPO,, 20 um 0.9 47* 











* Corrected for spontaneous decomposition. 





aid of paper chromatography. After development in phenol-water of an 
incubated mixture of glutamohydroxamic acid, ammonia, enzyme, and 
buffer, a spot (Rr 0.52) appeared, which in its location was indistinguish- 
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able from a control spot of glutamine. The same was true when ammonia 
was replaced by hydrazine. Comparative experiments showed that glu- 
tamohydrazide and glutamine have the same Ry values in phenol-water. 

In order to identify the glutamine and glutamohydrazide, paper chroma- 
tograms with a number of applications of the incubated mixture were de- 
veloped. The strip of paper in which the suspected amide or hydrazide 
was located was extracted with water and the extract concentrated. In 
the experiment in which enzyme, GHA, and ammonia were incubated, the 
presence of amide nitrogen was ascertained by hydrolysis. In the experi- 
ment in which the hydrazide was formed, this substance was coupled with 
p-nitrobenzaldehyde and determined by the color developed in strong al- 
kali? by the resulting hydrazone. 

For an estimate of the amount of glutamine synthesized, the colored 
product formed after spraying the paper with ninhydrin solution was ex- 
tracted and the color density compared with that of extracts of glutamine 
spots developed on the same paper from amide solutions of known strength 
(7). In one representative experiment, 0.3 ml. of enzyme solution was 
incubated with 1 mg. of GHA (6.2 um) and 5.3 mg. of ammonium chloride 
(100 uM) in a total volume of 0.5 ml. for 5 hours at 35°. The color den- 
sity of the extracted glutamine spot, developed from a 0.025 ml. sample, 
corresponded to 8 y of amide. This value would amount to a conversion 
of 17 per cent of the GHA into glutamine. This experiment indicates 
that the equilibrium of the enzymatically catalyzed exchange favors the 
formation of GHA. In an analogous experiment in which the ammonium 
chloride was replaced by hydrazine sulfate, a conversion of approximately 
35 per cent of the GHA into hydrazide was found. 


DISCUSSION 


The effect of the amino acids on the synthesis or splitting of GHA 
appears to be exerted exclusively on the utilization of the amide or GHA 
in the enzymatic reaction. Peptide formation by exchange of the amide 
group of glutamine with amino acids would have been indicated by a com- 
petition of the amino acids with hydroxylamine instead of with glutamine 
and by an acceleration instead of an inhibition of the splitting of GHA. 
The failure to detect any peptide synthesis may not be final but may be 
caused by the particular conditions of our experiments or by the properties 
of the enzyme extracts used; e.g., unfavorable ratio between transferase 
and peptidase activities. 

Recent evidence indicates that glutamine may participate indirectly in 
the “trigger” reactions which initiate peptide synthesis. Preliminary ex- 
periments by Hanes ef al. (10) suggest that the y-glutamyl radical of 
3 Unpublished method by H. K. Miller. 
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glutathione may be transferred enzymatically to other amino acids, thereby 
forming y-glutamyl peptides. On the other hand, glutamine appears to 
be involved in enzymatic splitting of glutathione to glutamic acid and 
cysteinylglycine (11). It was suggested that glutamine reacts by rejuve- 
nating the amide group on the active centers of the enzyme protein re- 
sponsible for the enzymatic splitting of the tripeptide. This suggestion 
was based on the fact that no ammonia was liberated during the enzy- 
matic splitting of glutathione which occurred only in the presence of glu- 
tamine.¢ An alternative explanation is the possibility that during this 
reaction y-glutamylglutamine was formed which may be split into glutamic 
acid and glutamine. The possibility that this peptide may serve as a 
substrate for exchange reactions of its amide group is being investigated. 
In this paper the evidence for the enzymatically catalyzed exchange of 
the hydroxylamine moiety of GHA with ammonia is presented. Gluta- 
mine is formed in this exchange and thereby the reversibility of the re- 
action demonstrated. Although the data indicate that the equilibrium 
favors the formation of the hydroxamic acid, the definite establishment 
of the equilibrium constant will have to await the preparation of enzyme 
extracts free of glutaminase as well as of GHA splitting activities. 


SUMMARY 


The enzymatic synthesis of glutamohydroxamic acid from glutamine 
and hydroxylamine, catalyzed by a cell-free extract from Proteus vulgaris, 
is inhibited to a varying degree by a-amino acids. The L isomer of the 
amino acids appears to be the more potent inhibitor. For the inhibition 
an unsubstituted amino group in the a position is essential. The amino 
acids inhibit competitively by interfering with the utilization of glutamine 
in the enzymatic exchange reaction. The effect of amino acids on the 
synthesis of aspartohydroxamic acid is less pronounced. The amino acids 
inhibit not only the enzymatic synthesis of glutamohydroxamie acid but 
also its splitting. 

Ammonia inhibits the enzymatic synthesis of glutamohydroxamic acid 
by competing with hydroxylamine and accelerates the splitting of the 
hydroxamice acid. In the latter reaction glutamine is formed, a fact which 
demonstrates the reversibility of the enzymatic formation of glutamo- 
hydroxamic acid. Phosphate accelerates the enzymatic as well as the 


4In this connection it is of interest that experiments in which the enzymatically 
catalyzed exchange of the amide group of glutamine and asparagine with isotopic 
ammonia was studied (3) the amide nitrogen of the hydrolyzed protein of the cell- 
free extract of P. vulgaris was also analyzed for its isotope concentration. Although 
these experiments cannot be taken as conclusive because of the considerable di- 
lution of the enzyme protein with inert protein, no enrichment in isotope of the 
liberated amide group was found. 
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non-enzymatic splitting of glutamohydroxamic acid. Cupric ions and 
mono- and polyhydric alcohols activate the enzymatic synthesis of glu- 
tamohydroxamic acid and inhibit that of aspartohydroxamic acid. 
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BIOCHEMISTRY OF THE SPHINGOLIPIDES 
VI. THE O-METHYL ETHERS OF SPHINGOSINE* 


By HERBERT E. CARTER, OLGA NALBANDOV,{ anp 
PETER A. TAVORMINAf 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, April 20, 1951) 


In the hydrolysis of cerebrosides with alcoholic sulfuric acid, extensive 
formation of ethers of sphingosine occurs (1-3). Two different O-methyl- 
sphingosines have been reported, giving hydrochlorides melting at 133° 
and 141° respectively (1, 4). Since neither of these substances has been 
well characterized, we undertook to prepare the two O-methyl] ethers and 
to determine their structures. 

The mixture of bases obtained on hydrolysis of cerebrosides can be 
separated through the sulfates into a less soluble fraction (consisting 
mainly of sphingosine and dihydrosphingosine) and a more soluble frac- 
tion containing the O-methyl ethers and unidentified material (5). The 
0-methylsphingosine hydrochloride melting at 141° was readily obtained 
from the latter mixture by treating a solution of the free bases in ether 
with anhydrous hydrogen chloride, according to the procedure of Rosen- 
heim (4). After recrystallization from 50:50 ethanol-ethyl acetate (which 
is an excellent solvent for hydrochlorides of sphingosine derivatives), the 
hydrochloride melted at 143-145°. 

In a study of other fractionation methods it was discovered that treat- 
ment of the more soluble bases with p-hydroxyazobenzene-p’-sulfonic acid 
gave a relatively insoluble sulfonate which could be recrystallized readily 
from absolute ethanol.!. Analysis of the free base and its derivatives es- 
tablished that this substance was an O-methylsphingosine. The hydro- 
chloride, however, melted at 116-119°. We have not been able to obtain 
the hydrochloride melting at 133°, and in our opinion this substance as 
reported was simply an impure form of the compound melting at 143-145°. 


* This material was taken from theses presented by Olga Nalbandov and P. A. 
Tavormina to the Graduate College of the University of Illinois in partial fulfil- 
ment for the requirements of the degree of Doctor of Philosophy in Chemistry. 

+ Present address, Animal Science Department, University of Illinois, Urbana. 

t Present address, Sharp and Dohme, Glenolden, Pennsylvania. 

1 Dihydrosphingosine also gives a nicely crystalline sulfonate (m.p. 194-195°) 
which has solubility properties similar to those of the O-methyl derivative. It is 
essential, therefore, that dihydrosphingosine be removed as the insoluble sulfate 
prior to the precipitation of the O-methyl] ether as the sulfonate. 
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In order to identify the O-methy] ethers in the following discussion, the 
substance giving a hydrochloride melting at 116-119° will be designated as 
O-methylsphingosine I and the second substance as O-methylsphingosine 
II. 

It is obvious that the O-methylsphingosines may represent cis-trans or 
optical isomers of the 2 position isomers shown in the accompanying 
formulas. 


RCH==CH—CH—CH—CH:0H RCH=CH—CH—CH—CH: 
| 
O NHz OH NH: O 
CH; CH; 
R = n—Ci3Haez 


If the two substances are simple cis-trans isomers, both should yield 
the same dihydro derivative. Therefore, reduction studies with Raney’s 
nickel and platinum oxide catalyst were undertaken. With Raney’s 
nickel each of the free bases gave a dihydro derivative melting at 67-68°. 
However, the two dihydro bases (I and II) were shown to be different by 
their specific rotations ({a]?” = —9.7° and —1.3° respectively) and by the 
melting points and specific rotations of their N-acetyl derivatives (N- 
acetyl-O-methyldihydrosphingosine I, m.p. 80-82°, [a]?? = —1.8°; N-ace- 
tyl-O-methyldihydrosphingosine II, m.p. 75-77°, [a]?? = +17.1°). These 
results do not eliminate the possible existence of a cis-trans relationship, 
but do prove that the two ethers must differ in some other respect. The 
platinum oxide reductions proved highly informative. In each case the 
hydrogen uptake exceeded the theoretical for reduction of the double 
bond, and from the reduction products sphingine (6) was obtained either 
as the N-acetyl or O,N-diacetyl derivative. This behavior is similar to 
that of triacetylsphingosine, which on reduction over platinum oxide yields 
diacetylsphingine (6). 


OCH; 


RCH==CH—CH—CH—CH:.0H 





NH He 
| RCH.CH.CH:CH—CH,0H 
Ac Pt 
NH 
RCH==CH—CH—CH—CH,0OH 4 
Ac 


ied 
OCH; NH 
| N-Acetylsphingine 
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The hydrogenation studies therefore clearly establish that in each of 
the O-methyl ethers the methoxyl group is present on the 3rd carbon and 
that both O-methyl derivatives possess the same configuration at the 2nd 
carbon, but differ in configuration at the 3rd carbon. 

Periodate oxidation studies confirmed these conclusions. Each of the 
O0-methylsphingosines consumed 1 mole of periodate and yielded formalde- 
hyde and methoxyheptadecenal (characterized as the 2 ,4-dinitrophenyl- 
hydrazone) as oxidation products. Periodate oxidation of the dihydro 


RCH==CH—CH—CH—CH,0OH ey RCH==CH—CH—CH + CH,0 + NH; 


O NH: O 


| | 


CH; CH; 


bases also yielded formaldehyde. In this case the long chain aldehydes 
were separated as such and their optical activity was determined. The 
crude aldehydes from O-methyldihydrosphingosines I and II gave specific 
rotations, respectively, of [a]?? = —8.6° and +7.7°. These data support 
the conclusion that the two bases possess opposite configurations at the 
carbon atom carrying the methoxyl group. 

The conversion of sphingosine to a mixture of diastereoisomeric ethers 
on treatment with methanolic sulfuric acid is in line with the known be- 
havior of allyl alcohols. In compounds of this type, replacement reactions 
are believed to proceed through a carbonium ion intermediate and invari- 
ably occur with extensive racemization (7, 8). In the case of sphingosine 
the presence of a second asymmetric center would then result in the pro- 
duction of two diastereoisomeric O-methyl ethers. It should be noted 
that the possible occurrence of an allylic rearrangement leading to 1-hy- 


RCH=CH—CH—CH—CH:0H HSO,_, 
CH;0H 





OH NH: 
RCH=CH—CH—CH—CH,0H 20 


OH,*+ NH;t 
OCH; 
RCH=CH—CH—CH—CH.0H 


RCH=CH—CH—CH—CH:0H = 


L™ 


NH;+ 
NH;* RCH=CH—CH——-CH—CH.0H 


OCH; NH;t 
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droxy-2-amino-5-methoxyoctadecene-3 has not been eliminated, although 
it seems unlikely. Establishment of this point and subsequent determina- 
tion of which isomer possesses the threo and which the erythro configura- 
tion await further study. 


EXPERIMENTAL 
Preparation of O-Methyl Ethers of Sphingosine 


100 gm. of cerebroside were hydrolyzed with methanolic sulfuric acid as 
described previously (9), giving 25 gm. of a mixture of bases. This ma- 
terial was dissolved in 250 ml. of absolute ethanol, and freshly prepared 1 
N ethanolic sulfuric acid was added to the first blue tinge of Congo red. 
A voluminous precipitate formed. The mixture was cooled in an ice bath 
and the precipitate was filtered and air-dried, giving 15 gm. of material 
consisting mainly of sphingosine and dihydrosphingosine sulfates but con- 
taining some O-methylsphingosine sulfate. This mixture of solids was 
heated on the steam bath with 400 ml. of methanol. Solution was almost 
complete. The mixture was allowed to cool slowly to room temperature 
and the less soluble sphingosine and dihydrosphingosine sulfates were re- 
moved by filtration. The methanolic filtrate was combined with the 
ethanolic mother liquors from the preparation of the sulfates, and the 
solution was brought to dryness in vacuo at room temperature. The resi- 
due was treated with an excess of 1 N sodium hydroxide and the free bases 
were extracted with ether. The ether solution was washed with water 
and dried over sodium sulfate. The ether was removed in vacuo and the 
residue was dissolved in 120 ml. of anhydrous methanol. The resulting 
solution contained the methyl ethers of sphingosine along with small 
amounts of other sphingosine bases. 

Just enough solid p-hydroxyazobenzene-p’-sulfonic acid was added to 
this solution to produce a faint blue with Congo red. The solution was 
cooled and the precipitate (sulfonate salt of O-methylsphingosine I) was 
filtered. The filtrate was concentrated under reduced pressure and cooled, 
giving a second crop of sulfonate salt. Further concentration and cooling 
yielded additional small amounts of precipitate. The process was con- 
tinued as long as the precipitates melted above 165°. These precipitates 
were combined and recrystallized from 60 to 80 ml. of absolute ethanol, 
giving the p-hydroxyazobenzene-p’-sulfonate salt of O-methylsphingosine 
I as yellow needles melting at 193-196°. The yield varied from run to 
run but usually amounted to 3.5 to 7.5 gm. 

O-Methylsphingosine I hydrochloride was prepared by converting the 
sulfonate salt to the free base, dissolving the latter in anhydrous ether, 
and bubbling in dry hydrogen chloride gas for 1 to 2 hours. The very 
fine precipitate which formed was removed by centrifugation and recrys- 
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tallized from a 1:1 mixture of anhydrous ethanol and ethyl acetate (200 
ml. per gm.). The hydrochloride of O-methylsphingosine I separated as 
thin plates melting at 116-119° ({e]?? = +3.3° (0.1017 gm. in 10 ml. of 


| 95 per cent ethanol)). 


Analysis—C19H3,NO2-HCl (350.0) 
Calculated. C 65.20, H 11.52, N 4.00, OCH; 8.87 
Found. * 65.26, “* 11.61, “ 3.98, “ 8.81 


The methanolic and ethanolic filtrates from the preparation and re- 
crystallization of the sulfonate of O-methylsphingosine I were combined 
and the solvents were removed in vacuo. The residual sulfonates were 
converted to the free bases by the addition of 1 N sodium hydroxide and 
the bases were extracted with ether. The ether solution was dried and 
the ether was removed in vacuo. The crude base was dried thoroughly 
in vacuo over phosphorus pentoxide and converted to the hydrochloride 
as described above. The crude hydrochloride was recrystallized from a 
1:1 mixture of ethanol and ethyl acetate (200 ml. per gm.), giving O-meth- 
ylsphingosine II hydrochloride melting at 143-145° ([a]?? = —14.5° 
(0.1170 gm. in 10 ml. of 95 per cent ethanol)). 


Analysis—CisH33NO2-HC1 (350.0) Calculated. C 65.20, H 11.52, N 4.00 
Found. © 64.91, “* 11.44, “ 3.86 


Derivatives of O-Methylsphingosine I 


O, N-Diacetyl-O-methylsphingosine I—2.5 gm. of crude O-methylsphingo- 
sine I (obtained from the sulfonate melting at 193-196°) were dissolved in 
25 ml. of anhydrous pyridine and treated with 12.5 ml. of acetic anhy- 
dride. The reaction mixture was allowed to stand overnight at room 
temperature. It was then poured into a mixture of 50 gm. of ice and 25 
ml. of concentrated hydrochloric acid. The precipitate which formed was 
extracted with 400 ml. of ether in four portions. The ether solution was 
washed with 5 per cent sodium bicarbonate solution and with water. The 
ether was removed in vacuo and the residue was dried over phosphorus 
pentoxide in vacuo. The crude reaction product weighed 2.42 gm. and 
melted at 63-67°. After two recrystallizations from hexane (200 ml. per 
gm.), 1.95 gm. of pure O, N-diacetyl-O-methylsphingosine I were obtained 
(m.p. 68-69°; [a]27 = +5.3° (0.1233 gm. in 10 ml. of chloroform)). 

N-Acetyl-O-methylsphingosine I—1.65 gm. of O,N-diacetyl-O-methy]l- 
sphingosine I were dissolved in 89 ml. of a solution of 0.0764 N potassium 
hydroxide in 90 per cent methanol. The reaction mixture was allowed to 
stand at room temperature for 8 hours. The alkali consumed amounted 
to 4.19 mm. The reaction mixture was diluted with an equal volume of 
water, and the material which separated was extracted with ether. The 
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ether was washed successively with dilute hydrochloric acid, 5 per cent 

sodium bicarbonate solution, and distilled water. The ether was removed 

in vacuo and the residue was recrystallized from hexane, giving 1.35 gm. of 

material melting at 72-73°. Two additional recrystallizations from 

hexane yielded 1.29 gm. of pure N-acetyl-O-methylsphingosine I (m.p. 

75-76°; [a]27 = —2.5° (0.1109 gm. in 10 ml. of chloroform)). 
Analysis—C2H4NO3 (355.6) 


Calculated. C 70.94, H 11.62, N 3.94, OCH; 8.73 
Found. GRAS, Loe) 2d *S 'S230 


O-Methylsphingosine I—Pure O-methylsphingosine I was prepared from 
2.5 gm. of the hydrochloride by decomposition with aqueous potassium 
hydroxide. The alkaline mixture was extracted with 400 ml. of ether in 
four portions, and the ether solution was washed with distilled water until 
the aqueous layer was no longer alkaline. The ether was removed in 
vacuo and the residue was dried to constant weight. The free base crys- 
tallized from ethyl ether in plates and weighed 2.2 gm. (m.p. 64—65°; 
[a]27 = +11.4° (0.1222 gm. in 10 ml. of chloroform)). 


Derwatives of O-Methylsphingosine IT 


O,N-Diacetyl-O-methylsphingosine II—1.3 gm. of O-methylsphingosine 
hydrochloride II were dissolved in 70 ml. of anhydrous pyridine. Solu- 
tion was slower than in the case of the free base. The acetylation was 
carried out with acetic anhydride in the usual manner. The crude prod- 
uct was twice recrystallized from 100 ml. of hexane, giving 1.25 gm. of 
pure 0, N-diacetyl-O-methylsphingosine II (m.p. 74-75°; [aJ?? = —11.7° 
(0.1064 gm. in 10 ml. of chloroform)). 

N-Acetyl-O-methylsphingosine II—1.44 gm. of O,N-diacetyl-O-methyl- 
sphingosine II were dissolved in 100 ml. of a solution of 0.0950 N potas- 
sium hydroxide in 90 per cent methanol. After 8 hours at room 
temperature 3.82 mm of alkali had been consumed. The reaction mixture 
was worked up in the same manner as in the case of isomer I, and the 
crude product was recrystallized twice from hexane. The crystals of pure 
N-acetyl-O-methylsphingosine II weighed 1.13 gm. (m.p. 77-78°; [a]; 
—21.4° (0.1303 gm. in 10 ml. of chloroform)). 

Analysis—CaHNOs3 (355.6) 


Calculated. C 70.94, H 11.62, N 3.94, OCH; 8.73 
Found. “71.93, * 11.62, 4.02, “ 8.66 


O-Methylsphingosine II—The pure free base of isomer II was prepared 
in the usual manner by alkaline decomposition of 1.5 gm. of the hydro- 


chloride. The reaction product was crystallized from ether and weighed | 
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1.31 gm. (m.p. 87-88°; [a]?” = —15.7° (0.1023 gm. in 10 ml. of chloro- 
form)). 


Reduction Studies 


Reduction of N-Acetyl-O-methylsphingosine I with Platinum Oxide—617 
mg. of N-acetyl-O-methylsphingosine I were reduced at 1 atmosphere of 
hydrogen pressure in the Adams’ apparatus with 20 mg. of platinum oxide 
as catalyst and 50 ml. of ethanol as solvent. The reaction was allowed to 
proceed for 2 hours. The catalyst was removed by filtration and the 
filtrate was evaporated to dryness in vacuo. Recrystallization of the resi- 
due from various solvents failed to yield a homogeneous product. Ac- 
cordingly, 500 mg. of the crude reduction product were acetylated in 
pyridine in the usual manner. The reaction product was recrystallized 
twice from hexane, yielding 350 mg. of crystals which were relatively pure 
0, N-diacetyl-O-methyldihydrosphingosine I (m.p. 79-80°; [a]?’? = +12.2° 
(0.1027 gm. in 10 ml. of chloroform)). 


Analysis—C23H4s;NO4 (399.6) 
Calculated. C 69.13, H 11.35, N 3.51, OCH; 7.77 
Found. ** 69.08, “* 11.61, *§ 3.47, “ 7.08 


All the mother liquors from the acetylation reaction were combined and 
brought to dryness in vacuo. The residue was dissolved in 20 ml. of meth- 
anol and this solution was chilled. The precipitate which formed after 8 
hours was filtered and dried, and melted at 103-106°. Recrystallization 
of this material from 50 ml. of hexane produced 14 mg. of crystals which 
melted at 107-108.5°. A mixed melting point determination with an 
authentic sample of O,N-diacetylsphingine showed no depression. 

Reduction of N-Acetyl-O-methylsphingosine II with Platinum Oxide—593 
mg. of N-acetyl-O-methylsphingosine II were reduced in a micro hydro- 
genation apparatus at 1 atmosphere of hydrogen pressure and constant 
temperature (18.5°), with ethanol as solvent and 14.5 mg. of platinum 
oxide as catalyst. A blank determination was made on the ethanol and 
the catalyst. 

The reduction consumed 1.2 moles of hydrogen. The reaction mixture 
was filtered and the filtrate brought to dryness in vacuo. The crude prod- 
uct consisted of a mixture of crystals, some of which melted at 69-73° 
while a small proportion melted at 98-100°. A separation of these was 
effected by recrystallization from acetonitrile, from which the higher melt- 
ing material readily crystallized at room temperature (m.p. 95-103°). 
The filtrate was chilled and yielded a greater quantity of crystals melting 
at 71-76°. Each of these two solids was recrystallized three times from 


| hexane. The crystals present in larger amount (360 mg.) represented 
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pure N-acetyl-O-methyldihydrosphingosine II (m.p. 75-77°; [al?’ = 


+17.1° (0.0183 gm. in 2 ml. of chloroform)). The by-product, after on 
recrystallization, weighed 70 mg. and gave no depression of the melting vail 
point when mixed with an authentic sample of N-acetylsphingine (m.p. | - 
102-104”). | 10 x 
Analysis—C2oHaNOz (327.5) | gosir 
Calculated. C 73.33, H 12.62, N 4.28, OCH; 0.00 | when 

Found. SeTadO; °° 12166, "4980; * O07 
Ar 


50 mg. of the hydrogenolysis product (m.p. 102-104°) were acetylated 
in the usual fashion. The crude reaction product after recrystallization 
from ethanol melted at 108-109° and gave no depression of the melting | 
point on mixing with an authentic sample of O, N-diacetylsphingine. | oth 

Reduction of O-Methylsphingosine I with Raney’s Nickel—A solution of 


1.8 gm. of O-methylsphingosine I in 150 ml. of absolute ethanol was hy- on 
drogenated at room temperature and a pressure of 35 atmospheres with The 


1.8 gm. of Raney’s nickel catalyst. The reaction was allowed to proceed mg 
for 4 hours. The reaction mixture was filtered and the filtrate brought to _ Ls 
dryness in vacuo, yielding a crude product which melted at 59-66°. Re- ' 


crystallization from hexane produced 0.89 gm. of pure O-methyldihydro- pare 


sphingosine I (m.p. 67-68°; [a], = —9.7° (0.1035 gm. in 10 ml. of dus 
chloroform)). gave 
Analysis—CysHsiNOz (315.5) [a]?” 
Calculated. C 72.32, H 13.10, N 4.44, OCH; 9.83 
Found. “79.58, “ 13.38,“ 4.34, “ 9.61 


Reduction of O-Methylsphingosine II with Raney’s Nickel—1 gm. of Oz 
O-methylsphingosine II was reduced with Raney’s nickel catalyst with O-me 
the same conditions as before. The crude reduction product melted at ml. o 
61-63°. Recrystallization from hexane yielded 0.49 gm. of pure O-meth- meta 


yldihydrosphingosine II (m.p. 67-68°; [a]*? = —1.3° (0.1038 gm. in 10 ml. i 
ml. of chloroform)). actior 
Analysis—CisHaNOz (315.5) — 
Calculated. C 72.32, H 13.10, N 4.44, OCH; 9.83 sodiu 

Found. “72.54, © 13.40, “ 4.34, “ 9.85 solid 

titrat 


O,N-Diacetyl-O-methyldihydrosphingosine I—170 mg. of O-methyldihy- . 


drosphingosine I were acetylated in pyridine in the usual manner. The "a 


crude product was recrystallized from hexane and yielded 120 mg. of O,N- No ft 


diacetyl-O-methyldihydrosphingosine I (m.p. 81-82°; [a]*) = +10.5° Th 
(0.1056 gm. in 10 ml. of chloroform)). —_ 
Analysis—C23HisNO, (399.6) aldeh 
Calculated. C 69.13, H 11.35, N 3.51, OCH; 7.77 and r 


Found. 669,13; ** 158, S262, “ eZ 
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O , N-Diacetyl-O-methyldihydrosphingosine II—190 mg. of O-methyldi- 
hydrosphingosine II were acetylated in the usual manner. The crude 
product in this case was an oil (230 mg.) which was crystallized from 15 


| ml. of hexane by cooling slowly to —10°. A second crystallization from 


10 ml. of hexane yielded 185 mg. of O, N-diacetyl-O-methyldihydrosphin- 


| gosine II (m.p. 43-44°; [a]? = +24.4° (0.1082 gm. in 10 ml. of chlo- 


roform)). 


Analysis—C23H4;NO, (399.6) 
Calculated. C 69.13, H 11.35, N 3.51 
Found. ** 69.36, ‘* 11.52, “* 3.36 


N-Acetyl-O-methyldihydrosphingosine I—105 gm. of O,N-diacetyl-O- 


_ methyldihydrosphingosine I were dissolved in 10 ml. of 0.5 N potassium 


hydroxide in 90 per cent methanol. The mixture was allowed to remain 
at room temperature overnight and then worked up in the usual manner. 


| The crude product was recrystallized twice from hexane and yielded 80 


mg. of N-acetyl-O-methyldihydrosphingosine I (m.p. 80-82°; [aJ” = 
—1.8° (0.0789 gm. in 10 ml. of chloroform)). 

N-Acetyl-O-methyldihydrosphingosine II—160 mg. of O,N-diacetyl-O- 
methyldihydrosphingosine II were saponified by the method previously 
described. Two recrystallizations of the reaction product from hexane 
gave 120 mg. of N-acetyl-O-methyldihydrosphingosine II (m.p. 75-77°; 
[a] = +17.1° (0.1172 gm. in 10 ml. of chloroform)). 


Periodate Oxidation Studies 


Oxidation of O-Methylsphingosine I—350 mg. of the hydrochloride of 
O-methylsphingosine I were dissolved in 25 ml. of absolute methanol. 10 
ml. of water were added, followed by 7 ml. of a 0.2 m solution of sodium 
metaperiodate in water. Methanol was used to bring the solution to 50 
ml. in a volumetric flask. A blank was run simultaneously. The re- 
action was carried out at room temperature. 1 ml. aliquots of the reac- 
tion mixture and of the blank were titrated at 15 minute intervals with 
sodium arsenite. A few crystals of potassium iodide and an excess of 
solid sodium bicarbonate were added to the aliquot immediately before 
titration. 2 drops of 1 per cent starch solution were added as indicator 
just before the end-point. After 45 minutes 0.987 mm of periodate had 
been consumed, corresponding to 98.7 per cent completion of reaction, 
No further uptake of periodate was observed even after 4 hours. 

The reaction mixture was extracted with three 50 ml. portions of 
hexane. Both the hexane fraction and the aqueous layer gave a positive 
aldehyde test (Schiff’s reagent). The aqueous fraction was freed of iodate 
and periodate by precipitation as the lead salts. The aldehyde remaining 
in the filtrate was isolated as the 2 ,4-dinitrophenylhydrazone in the usual 
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manner. The derivative was recrystallized four times from ethanol, | 
giving 30 mg. of the 2,4-dinitrophenylhydrazone of formaldehyde (m.p. 
163-166°). | 
The aldehyde present in the hexane fraction was also isolated as the 
2,4-dinitrophenylhydrazone. The hexane was removed in vacuo and the 
oily residue obtained was converted to the 2,4-dinitrophenylhydrazone in | 
the usual way. The crude derivative weighed 210 mg. Two recrystal- 
lizations of this material from absolute ethanol produced 130 mg. of the 
2 ,4-dinitrophenylhydrazone of 2-methoxy-3-heptadecenal (m.p. 108-110°). 


Analysis—CosH3sN 405 (462.6) 
Calculated. C 62.31, H 8.28, N 12.11, OCH; 6.71 
Found. “162 415 °°* 842, 8 12207, °° 16583 


Oxidation of O-Methylsphingosine II—250 mg. of the hydrochloride of 
O-methylsphingosine II were dissolved in 30 ml. of absolute methanol. 
10 ml. of water and 5 ml. of 0.2 m sodium metaperiodate solution were 
added and the volume was made up to 50 ml. with methanol. The experi- 
ment was conducted as described above. The reaction ceased after 45 
minutes and was 93.4 per cent complete. The reaction mixture was di- 
luted with a few ml. of water and extracted with 200 ml. of ether in four 





portions. The aqueous layer was discarded. 

The ether layer was washed repeatedly with water until the aqueous 
fraction no longer gave a fuschin-aldehyde test. The aqueous fractions 
were combined and the 2 ,4-dinitrophenylhydrazone prepared in the usual 
manner. The crude derivative weighed 105 mg. After four recrystalli- 
zations from ethanol, the product weighed 25 mg. and caused no depres-) 
sion of the melting point of authentic formaldehyde-2 ,4-dinitrophenyl-| 
hydrazone (164-166°). 

The ether fraction was brought to dryness in vacuo. The residue “i 
converted to the 2,4-dinitrophenylhydrazone in the usual manner. The| 
crude derivative (230 mg.) was recrystallized, twice giving 180 mg. of the| 
2,4-dinitrophenylhydrazine of 2-methoxy-3-heptadecenal (m.p. 108-109°). 

Analysis—CosH3sN.O5 (462.6) 


Calculated. C 62.31, H 8.28, N 12.11, OCH; 6.71 
Found. “ 62.47, © 8.41, © 11.99, “ 6.73 


Oxidation of O-Methyldihydrosphingosine I—200 mg. of O-methyldihy- 
drosphingosine I were dissolved in 40 ml. of absolute ethanol. 5 ml. of a 
0.2 m aqueous solution of sodium metaperiodate were added. The calcu- 
lated quantity of hydrochloric acid was added in order to dissolve the 
periodate salt of the base. The solution was brought to a volume of 5 
ml. with absolute methanol. After 45 minutes the reaction had proceeded 
to 96 per cent completion. 
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with four 50 ml. portions of hexane. The hexane fraction was washed 

| with water, filtered, and concentrated in vacuo to a small volume (5 to 6 
he | ml.). This solution was transferred to a 10 ml. volumetric flask and 
‘he brought up to volume with hexane. The observed rotation of this ma- 
terial was —0.142°. Computed on the basis of 96 per cent completion of 
reaction, the specific rotation of (—)-a-methoxyheptadecanal was [a] = 
the —8.6°. 
)°), | The aqueous methanol fraction was freed of iodate and periodate in the 
usual way. Addition to the filtrate of 250 mg. of methone in ethanol 
| yielded 180 mg. of the dimedon derivative of formaldehyde (m.p. 189- 
190°). 

Oxidation of O-Methyldihydrosphingosine II—200 mg. of O-methyldi- 
hydrosphingosine II were degraded with periodate under the exact con- 
ditions of the previous experiment. After 45 minutes the reaction had 
proceeded to 95.3 per cent completion as measured by disappearance of 
periodate. The a-methoxyheptadecanal produced was extracted into 10 
ml. of hexane as described in the previous section. The observed rotation 
of this solution was +0.132°. Assuming a 95.3 per cent yield of (+)a- 
methoxyheptadecanal, the specific rotation of this material was [a] = 
+7.7°. 


ol, | The reaction mixture was diluted with 25 ml. of water and extracted 
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A reproducible method has been developed for the isolation of two 
0-methyl ethers of sphingosine from the mixture of bases obtained on 
hydrolysis of cerebrosides with methanolic sulfuric acid. The two ethers 
have the structure 1-hydroxy-2-amino-3-methoxyoctadecene-4, but are of 
opposite configuration at the carbon atom carrying the methoxyl group. 
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A NOTE ON THE SPECIFICITY OF THE ENZYMATIC 
CLEAVAGE OF THIOETHERS* 


By FRANCIS BINKLEY 


(From the Departments of Pathology and Biological Chemistry, University of Utah 
| College of Medicine, Salt Lake City, Utah) 


(Received for publication, April 23, 1951) 


The specificity of the cleavage of thioether compounds related to cys- 
teine by an enzyme from liver tissue of rats was described in an earlier 
report (1), and experiments as to the availability of thioether derivatives 
of cysteine and homocysteine for growth have been reported from this 
' laboratory (2). This report is concerned with a brief description of stud- 
ies of the cleavage of the thioether derivatives related to homocysteine by 
the enzyme of liver tissue. 

The methods and the pounce of enzyme were described in the pre- 
vious report (1). The results of the experiments with the compounds are 
given in detail in Table I. It is to be noted that the amount of enzyme 
| was about 100 times greater than that employed with the derivatives of 
cysteine. Homocysteine was cleaved by the enzyme with the formation 
of hydrogen sulfide. Methionine was cleaved with the formation of 
methyl mercaptan, and ethyl mercaptan was identified as a product of 
cleavage of ethionine. The S-carboxyalkyl derivatives were cleaved at an 
increasing rate as the length of the carbon chain was increased; this be- 
havior is in contrast to similar derivatives of cysteine. Since ammonia 
and sulfhydryl compounds were formed in more or less equal amounts, 
it is probable that sulfur-containing amino acids were not a product of 
the cleavage of any of these derivatives; this observation is in agreement 
with the results of the study of the availability for growth (2). 

In order to gain information as to whether the order of the rate of cleav- 
age of the compounds corresponded to the order of the rate of combination 
with the enzyme, the inhibition of the cleavage of L-allocystathionine was 
tested (Table II). All the compounds were found to be competitive in- 
hibitors of the cleavage in much the same order as the rate of cleavage. 





* These studies were supported by a — from the United States Public Health 
Service. 

1 Amino acids, esters of amino acids, = droxyamino acids, and thioamino acids, 
in increasing order of effectivity, were found to be competitive inhibitors of the 
cleavage of L-allocystathionine. In the case of hydroxy- and thioamino acids, the 
inhibition was greatest when the hydroxyl or thio grouping was on the 6-carbon. 
As has been reported (1), the requirements of the substrate for activity of the en- 


zyme include a free amino and carbonyl grouping on the a-carbon and a sulfur atom 
on the B- or y-carbon. 
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TABLE I hibit 
Cleavage of Thioether Derivatives of Homocysteine by Enzyme of Liver Tissue sulfic 
Purified enzyme equivalent to 0.03 mg. of protein nitrogen per ml. of digest was ucts 
incubated for 1 hour at 37° with 0.02 mm of substrate in a total volume of 10 ml. of 
0.1 m sodium citrate. 
Substrate | Sulfhydry] released | Ammonia released | 1, Bj 
mu X10 | mu X 10-8 | : ra 
DE MOMOOV StEINO in csit Gdsts wae does cab wankers eae 5.4* 6.3 +. a 
VE) e104 12) PLLC) 0 ol OR | Quit 3.1 5. Sin 
DU PIIONIIO tse hoes ned esata s bkveee ees Bes | 0.9t fp i 
S-Carboxymethyl-pL-homocysteine................ 1.4 1.8 
S-Carboxyethyl-pt-homocysteine................. 2.7 2.9 
S-Carboxypropyl-put-homocysteine................ | 3.6§ 3.7 
S-Carboxypropyl-u-homocysteine................. 3.8§ 3.9 
S-Carboxypropyl-p-homocysteine................. 0.0§ 0.1 





* Hydrogen sulfide; a-ketobutyric acid was isolated as the dinitrophenylhydra. 
zone from a large digest (3). 

+ Methyl mercaptan identified as the mercury salt. 

t Identified as ethyl mercaptan. 

§ Compound responded weakly in method of assay (4); all the values are corrected 
for non-enzymatic cleavage (or contamination with sulfhydryl compounds). 





TaBLe II 
Inhibition of Cleavage of u-Allocystathionine by Thioether Derivatives of Homocysteine 
0.050 mm of t-allocystathionine was incubated at 37° for 1 hour with an amount 


of enzyme represented by 0.003 mg. of protein nitrogen in 10 ml. of 0.1 m sodium 
citrate in the presence of 0.100 mm of inhibitor. 











Inhibitor | Per cent inhibition | 
PDT LEU) 611 ge Rae a aE ee eon AE oe er 15 
HVE: Dye 1 TUG. Le tS ingyen ae an a Re ig | 15 
S-Carboxymethyl-pL-homocysteine...................00 eee ee 17 
S-Carboxyethyl-pu-homocysteine............... 2. sce e eee eee eee 29 
S-Carboxypropyl-pLi-homocysteine............... 000. eee eee eee 39 
S-Carboxypropyl-t-homocysteine............... 2. eee eee eens | 45 
S-Carboxypropyl-p-homocysteine.................0..2 cece e eee 12 





It is of interest that Simpson, Farber, and Tarver (5) had found that 
ethionine inhibited the conversion of methionine to cystine in the intact 
animal, 


SUMMARY 


None of the thioether derivatives of homocysteine tested in this study 
appeared to be cleaved with the formation of sulfur-containing amino 
acids by the enzyme of liver tissue. However, all the compounds in- 
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hibited the cleavage of L-allocystathionine. Volatile products, hydrogen 
sulfide, methyl mercaptan, and ethyl mercaptan were identified as prod- 
ucts of the cleavage of homocysteine, methionine, and ethionine. 
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THE ACTION OF TYROSINASE ON THROMBIN, 
FIBRINOGEN, AND FIBRIN* 


By IRWIN W. SIZER anp PHILIP F. WAGLEY 


(From the Department of Biology, Massachusetts Institute of Technology, Cambridge, 

Massachusetts, and the Department of Medicine, The Johns Hopkins University 
and Hospital, Baltimore, Maryland) 

| PuaTE 1 


(Received for publication, February 27, 1951) 


The lability of several components of the blood clotting system is well 
known (1). Oxidation in particular has been shown to interfere with the 
coagulability of plasma, and treatment by oxygen of thrombin and throm- 
bokinase (but not prothrombin or fibrinogen) (2) has resulted in a gradual 
inactivation. Treatment of fibrinogen with iodine brought about a rapid 
loss in the ability of fibrinogen to clot when thrombin was added (3). In 
view of the ability of the metal enzymes, tyrosinase and peroxidase, to 
oxidize and inactivate certain labile proteins of high biological activity 
(4-10), it seemed possible that these oxidases might have some effect in 
the oxidation of certain components of the blood clotting system. In the 
present study attention has been focused upon the action of tyrosinase on 
thrombin, fibrinogen, and fibrin. 








EXPERIMENTAL 


Commercial preparations of bovine thrombin were usually employed: 
these were Upjohn (7.7 units),! Armour (17 units), and Parke, Davis (27 
units). In addition experiments were performed with Seegers” highly 
purified thrombin (15,800 units per mg. of tyrosine, which corresponds to 
790 units per mg. of protein, if the assumption is made that thrombin 
| contains 5 per cent tyrosine). Armour bovine fibrinogen was always used, 
| but in many experiments this was further purified by ammonium sulfate 
| fractionation and dialysis according to the method of Boyles and Ferguson 
| (11). The fibrin was prepared from Armour fibrinogen by the addition 
| of thrombin; it was then washed successively with distilled water before 

use. Mushroom tyrosinase’ (Treemond) of high activity (10,000 Miller- 

Dawson units per ml. or 1500 units per mg. of protein) was generally used, 


| * Supported in part by a grant from the Ethicon Suture Laboratories, Inc. 
, |The units represent National Institutes of Health thrombin units per mg. 

2 The authors are most grateful to Dr. Walter H. Seegers of Wayne University for 
| this sample of thrombin. 

3 Free of any protease activity. 
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although comparable results were also obtained with other tyrosinase prep- 
arations. 

Experiments were run in phosphate buffer at both pH 6.0 and 7.3 and | 
at 25° and 37°. Toluene or merthiolate was added as a preservative to 
the system. The enzymatic activity of thrombin incubated with tyro- 
sinase was measured by adding a standard amount of buffered fibrinogen 
solution at room temperature to aliquots of the thrombin-tyrosinase digest. 
Similarly when the fibrinogen was being oxidized by tyrosinase, the ability 
of the system to clot was measured by adding a standard amount of buf- 
fered thrombin to an aliquot of the fibrinogen-tyrosinase digest. Three 
methods were found satisfactory for measuring clotting time: (1) develop- 
ment of turbidity (12), (2) increase in viscosity as indicated by the failure 
of the solution to flow (13), and (8) increase in viscosity as measured by 
the decrease in rate of fall of a glass bead through the solution (14). The 
first method was usually used because of its great sensitivity; in rapidly 
clotting systems, however, the data were the same for all three methods. 


Tyrosinase Inactivation of Thrombin and Fibrinogen in Clotting 
System 





Thrombin—In preliminary experiments it was found that incubation of 
a few mg. of commercial thrombin with 0.1 ml. of tyrosinase in 0.01 m 
phosphate buffer, pH 7.3, at 25° for 18 hours resulted in a very appreciable 
loss in thrombin activity compared with a control to which boiled tyrosin- 
ase had been added or a control containing no tyrosinase or containing 
tyrosinase plus 1 m KCN.‘ This inactivation by tyrosinase was produced 
with all commercial preparations of thrombin and was independent of | 
the presence of dialyzable impurities in the thrombin solution. 

Quantitative experiments were then set up to study the kinetics of the | 
inactivation of thrombin by tyrosinase in 0.01 m phosphate buffer, pH 6.0 
at 37°. Similar exponential curves (Text-fig. 1) were obtained for all 
thrombin preparations when the clotting time of the system was plotted | 
against the duration of the oxidation of thrombin by tyrosinase, but the 


| 


rate of inactivation increases with the purity of the thrombin and is most | 


rapid with Seegers’ preparation. The data of Text-fig. 1 obtained with | 
Seegers’ thrombin fit the exponential equation 


log CT = CT) + kt 
where CT is the clotting time in seconds of an aliquot of the digest, CT) 0 
the log of the clotting time at the beginning of the experiment, k a con-| 


stant, and ¢ the duration in minutes of the oxidation of thrombin by tyro-| 
sinase. In this experiment CT) = 1.124 and k = 0.0317. The curve 


4 Anaerobic controls were also occasionally used. 
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drawn in Text-fig. 1 is the theoretical one for the above equation. The 
same general equation describes the results on the inactivation by tyrosin- 
ase of the other thrombin preparations which were studied. 

The total amount of clot formed, as measured by micro-Kjeldahl nitro- 
gen determinations (15) on the total clot formed, does not change during 
the experiment. 

Fibrinogen—Preliminary experiments with Armour fibrinogen plus tyro- 
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Text-Fig. 1. The activity of Seegers’ purified thrombin, as measured by the 
time required to clot a standard solution of fibrinogen, is plotted as a function of the 
length of time the thrombin has been oxidized by tyrosinase at 37°. In this experi- 
ment 0.1 ml. of tyrosinase was added to 5 ml. of 0.01 m phosphate buffer, pH 6.0, 
containing 0.1 mg. of thrombin per ml. At successive intervals 0.1 ml. aliquots 
were removed and added to 0.5 ml. of fibrinogen (3 mg. per ml. of 0.01 m phosphate 
buffer, pH 6.0) and the clotting time measured at 25°. In a control with boiled ty- 
rosinase run simultaneously, the clotting time did not change during the course of 
the experiment. 


sinase indicated a considerable inactivation of the fibrinogen after 18 hours 
incubation. Not only did the fibrinogen clot more slowly when thrombin 
was added, but the fibrin which was formed appeared to be composed of 
tiny flakes rather than fibers, and the total amount of clotted protein was 
decreased. The results were similar for different fibrinogen preparations, 
although the rate of inactivation by tyrosinase increased with the purity 
of the fibrinogen. 

In the typical quantitative study of the kinetics of the inactivation of 
Armour fibrinogen by tyrosinase, presented in Text-fig. 2, the inactivation 
of fibrinogen follows the same general exponential equation derived for 
the inactivation of thrombin. This was true in all experiments and was 
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independent of the purity of the fibrinogen. The amount of clotted pro- 


tein after 48 hours incubation with thrombin, as measured by the total 
nitrogen of the clot, however, decreases with the duration of oxidation of 
fibrinogen by tyrosinase in approximately linear fashion for the greater 
part of the reaction (Text-fig. 2). Thus it is possible to study the kinetics 
of the inactivation of fibrinogen by tyrosinase either by measuring at suc- 
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TYROSINASE ACTION ON 
FIBRINOGEN (HR.) 


Text-Fiac. 2. The effect of tyrosinase on the clottability of fibrinogen as meas- 
ured by the rate of clotting and the amount of clot formed when thrombin is added 
to an aliquot. 0.25 ml. of tyrosinase was added to 9.75 ml. of fibrinogen (3 mg. per 
ml. in 0.9 per cent NaCl) at 37°. To 1 ml. aliquots at successive time intervals was 
added 0.2 ml. of Upjohn thrombin (2 mg. per ml.) and the clotting time measured at 


P<) 


25°. After allowing 24 hours for the clotting to be completed, the clot was sepa- 
rated from the supernatant and the total nitrogen of the clot measured with the 
micro-Kjeldahl method. A control fibrinogen solution (no tyrosinase added) did 
not change in clotting time during the course of the experiment. 


cessive time intervals the rate of clotting or the amount of clot formed 
after the addition of a standard amount of thrombin. 


Manometric Studies 


The action of tyrosinase on thrombin, fibrinogen, and fibrin was studied 
by measuring the oxygen consumption of the system with Bareroft dif- 
ferential manometers (4) at 37°. 25 mg. of protein substrate were placed 
ina 15 ml. Warburg flask. To this were added 3 ml. of 0.01 mM phos- 
phate buffer, pH 6.0, plus 0.1 ml. of tyrosinase, plus 1 drop of toluene. 
The control flask was identical, except that the tyrosinase was kept in the 
side arm of the flask and was not mixed with the protein solution. 

Thrombin—No oxygen consumption could be demonstrated by any of 
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the commercial thrombin preparations when treated with tyrosinase. 
Since not more than 2 per cent of these crude preparations can be throm- 
bin, negative results might be related either to the small amount of throm- 
bin actually present or to interference by the large amount of impurities. 

Fibrinogen—The system containing fibrinogen plus tyrosinase consumes 
oxygen at a slow but measurable rate, which was more rapid at first and 
then gradually decreased (see Text-fig. 3). The kinetics of the action of 
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Text-Fia. 3. Oxidation of fibrinogen and fibrin by tyrosinase as measured by 
oxygen consumption at 37°. The experimental flask contained the mixed com- 
ponents, while in the control flask the tyrosinase was kept separately in the side 
arm. The fibrinogen system contained 1.6 ml. of 0.01 m phosphate buffer, pH 6.0, 
30 mg. of purified fibrinogen, 0.1 ml. of tyrosinase, plus 0.1 ml. of toluene. The 
fibrin system contained 1.0 ml. of 0.01 m phosphate buffer, pH 6.0, plus 25 mg. of 
finely powdered fibrin, 0.1 ml. of tyrosinase, plus 0.1 ml. of toluene. 





tyrosinase measured by oxygen consumption are different from those meas- 
ured by an increase in clotting time or a decrease in the amount of clot, 
but resemble the latter more closely than the former. 

Fibrin—Before use the fibrin prepared from fibrinogen was pulverized 
and then dispersed in the buffer solution, but the fine granules did not 
dissolve. Upon addition of tyrosinase the system consumes oxygen in a 
manner similar to that of the tyrosinase-fibrinogen system (Text-fig. 3). 
At the end of the experiment the fibrin granules had not dissolved but had 
become brown in color. The oxidation of fibrin by tyrosinase occurs much 
more rapidly when the fibrin is dispersed by homogenization than when 
the fibrin is present as large granules in the digest. The data on oxygen 
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consumption plus the fact that the granules of fibrin become deeply colored 
at the end indicated that tyrosinase brought about the oxidation of insol- } 
uble fibrin fibrils. 


Studies in Ultraviolet Region 


In view of the marked effect which tyrosinase has upon the absorption 
spectrum, especially in the ultraviolet, of susceptible proteins (4, 7, 10) a 


comparison was made of the absorption spectrum of thrombin, fibrinogen, } 


and fibrin before and after treatment of these proteins with tyrosinase. 
The oxidations of these three proteins by tyrosinase were carried out as 
usual for 18 hours, but two types of controls were used, one with boiled 
tyrosinase and another in which the tyrosinase and protein substrate were 
incubated separately and not mixed until the spectroscopic study was 
made. For the spectroscopic work only the highly purified protein prepa- 
rations were examined with the Beckman spectrophotometer. 

Oxidation by tyrosinase of thrombin, fibrinogen, and fibrin produced 
some yellow-brown pigment (maximal absorption at 400 my) and a marked 
increase in absorption throughout the ultraviolet. These effects were simi- 
lar for all three proteins and resemble rather closely previous work (4, 5, 





10, 16) on the oxidation of certain proteins by tyrosinase, in which it was 


concluded that this increase in ultraviolet absorption resulted from an oxi- | 


dation by tyrosinase of susceptible tyrosyl groupings in the protein mole- 
cule. 


Electron Microscopy Studies 


Early in the investigation of the action of tyrosinase on thrombin, fibrin- 
ogen, and fibrin, it was noticed that less fibrin was formed from oxidized 
fibrinogen and the character of the clot obtained was grossly different. 
While the clot produced from normal fibrinogen was fibrous and character- 
ized by a tough and strong matrix, the fibrin formed from fibrinogen previ- 
ously oxidized by tyrosinase seemed to be produced as amorphous flakes or 
tiny granules, which finally aggregated to form a loose clot of low tensile 
strength. These qualitative macroscopic observations made it seem profit- 
able to compare, by the electron microscope, the ultrastructure of normal 
fibrin with fibrin obtained after treating the thrombin, fibrinogen, or fibrin 
with tyrosinase. 

Fibrin—A typical electron micrograph of normal fibrin is presented in 
Fig. 1, A. The fibrils are identical with those described by Hall (17) and 
in favorable preparations the cross-striations at about every 230 A can be 
seen along the fibril. 


Fibrin from Fibrinogen Oxidized by Tyrosinase—Two different techniques | 


| 
| 


were used in the preparation of grids for study with the electron micro- 
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scope. In the first the thrombin and fibrinogen' were mixed and then 
homogenized with a micro blendor, and fixed with 1.0 per cent formalde- 
hyde and stained with 0.2 per cent phosphotungstic acid before placing 
the preparation on the grid. In the second method, which proved more 
reliable, the grid was coated with the fibrinogen solution to which a small 
amount of thrombin had just been added. The grid was then washed in 
saline, 0.2 per cent phosphotungstic acid was added, and the grid repeatedly 
washed in water. 

The ultrastructure of the fibrin obtained from oxidized fibrinogen 
changed progressively with the extent of the previous oxidative inactiva- 
tion of the fibrinogen. The fibrils tended to be smaller in diameter. There 
was variation in diameter along many of the individual fibrils. Small 
amorphous deposits appeared on the fibrils, obscuring the striations. The 
fibrils appeared more granular, and the amorphous background material 
increased in amount. Although not proved, there is evidence suggesting 
that the distance between the striations became greater when the fibrino- 
gen had been exposed to tyrosinase for several minutes at 25° (Fig. 1, B). 
Finally, in the later stages of oxidation, fibrils could no longer be seen and 
the whole preparation appeared amorphous (Fig. 1, C). These results 
have been repeated in a number of different experiments and the analysis 
is based on a study of hundreds of different fields as viewed with the elec- 
tron microscope. From these studies it is apparent that tyrosinase so 
modifies the structure of fibrinogen, presumably by the oxidation of con- 
stituent tyrosyl groups, that the oxidized fibrinogen molecules no longer 
can aggregate to form highly oriented fibrin fibrils, but instead the oxidized 
fibrinogen molecules agglutinate in a random fashion to form an amor- 
phous mass. 

Fibrin from Native Fibrinogen Catalyzed by Tyrosinase-Treated Throm- 
bin—When tyrosinase-treated thrombin was added to native fibrinogen, 
the fibrin that was formed appeared normal (as in Fig. 1, A) in the electron 
microscope. Thrombin apparently determines solely the rate of fibrin 
formation, not the kind or amount of fibrin produced. 

Fibrin Oxidized by Tyrosinase—Since the manometric and ultraviolet 
data indicated that fibrin could be attacked by tyrosinase, it became im- 
portant to see whether or not this oxidation produced any modification 
of the ultrastructure of the fibrin fibril. Both techniques employed in the 
fibrinogen work were used in the preparation of the grids for study of fibrin 
with the electron microscope. The most satisfactory results were obtained 
when the fibrin was formed directly on the grids. These grids were then 
washed and immersed in tyrosinase diluted 10 times with 0.01 m phos- 


5 Before adding the thrombin to the fibrinogen the tyrosinase was inactivated 
with 1 n KCN. 
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phate buffer, pH 7.3, and incubated at 25° for 20 hours. The oxidized 
fibrin on the grids was then stained with phosphotungstic acid. Some) 
preparations were shadow-cast with chromium (17) (Fig. 1, D). In all 
experiments with fibrin treated with tyrosinase the results were compar- 
able to those on fibrin from fibrinogen previously oxidized by tyrosinase. 
As fibrin was progressively oxidized by tyrosinase, the highly oriented 
fibrils were replaced by less distinct structures, which finally were replaced 
by amorphous oxidized fibrin. It thus appears possible to modify the 
ultrastructure of fibrin by tyrosinase oxidation; it makes little difference | 
whether the amorphous oxidized fibrin is produced by tyrosinase action 
on normal fibrin or by preparing the oxidized fibrin from fibrinogen which | 
has been previously oxidized by tyrosinase. | 


DISCUSSION | 


In view of the loss in activity of thrombin accompanying autoxidation 
(2) it is not surprising that thrombin very rapidly loses its activity when 
its oxidation is catalyzed by tyrosinase. The exponential nature of the | 
inactivation process (Text-fig. 1) suggests that the readily available tyrosyl 
groups have little to do with thrombin activity, but, when the less reactive 
groups are oxidized, the activity decreases rapidly. A similar explanation 
might be applied to the inactivation of fibrinogen, which follows a similar | 
exponential equation as a function of oxidation time (Text-fig. 2). For 
fibrinogen, however, oxygen is consumed rapidly at first, while the easily 
available tyrosyl groups are being oxidized, and then more slowly, when 
the more refractory groups are reacting (Text-fig. 3). The amount of 
clot formed, on the other hand, seems to decrease linearly as the fibrinogen ! 
molecules are oxidized (Text-fig. 2). Thus different kinetics characterize 
the action of tyrosinase on fibrinogen, depending upon what criterion of 
effect is used. The inactivation of fibrinogen by the oxidation of tyrosyl 
groups by tyrosinase is consistent with the inactivation of fibrinogen by 
the iodination of tyrosyl groups (3). It is noteworthy that, although 
tyrosyl groups appear to be involved in the conversion of fibrinogen to | 
fibrin, the tyrosyl groups of the insoluble fibrin fibrils are still available | 
for oxidation by tyrosinase to form amorphous oxidized fibrin. There is 
no apparent difference in the data obtained so far in the oxidized fibrin 
formed from oxidized fibrinogen and that formed by oxidation of fibrin 
with tyrosinase. 

The possible significance in normal and pathological conditions of the’ 
inactivation of thrombin, fibrinogen, and fibrin is undergoing investigation 
in studies of the action of tyrosinase on the clotting system of plasma, 
whole blood, and the circulating blood of mammals. 
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SUMMARY 


The proteins of the blood clotting system, thrombin, fibrinogen, and 
fibrin, are oxidized by mushroom tyrosinase. In the case of thrombin and 
fibrinogen this oxidation is accompanied by an extensive and often com- 
plete inactivation as measured by their failure to function in the clotting 
reaction. In the case of fibrinogen and fibrin the oxidation can be meas- 
ured manometrically by oxygen consumption studies and with all three 
proteins the action of tyrosinase was evidenced by an appreciable increase 
in absorption in the ultraviolet, especially at 280 my. Thus oxidation by 
tyrosinase of fibrinogen retards the rate of its conversion to fibrin, de- 
creases the total amount of fibrin formed, and in addition the fibrin pro- 
duced appears amorphous instead of fibrous when studied with the electron 
microscope. Similar studies have shown that the oxidation by tyrosinase 
of fibrin converts it from a fibrous to an amorphous form. 
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EXPLANATION OF PLATE | 


Fic. 1. Electron micrographs (see the text for details). A, normal fibrin 
(X 15,600); B, fibrin from fibrinogen previously partially oxidized by tyrosinase 
(X 15,600); C, fibrin from fibrinogen previously extensively oxidized by tyrosinase 
(X 33,600); D, fibrin after prolonged oxidation catalyzed by tyrosinase. The oxi- 
dized fibrin has been shadow-cast with chromium (xX 15,600). 
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THE COMPOSITION OF THE DESOXYRIBONUCLEIC ACID OF 
SALMON SPERM* 


By ERWIN CHARGAFF, RAKOMA LIPSHITZ, CHARLOTTE GREEN, anp 
M. E. HODES 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 
(Received for publication, April 25, 1951) 


Several studies from this laboratory have in the past few years dealt 
with the chemistry of nucleic acids. (For recent summaries, see Chargaff 
(1, 2).) The development of precise micromethods for the separation and 
quantitative estimation of the purines and pyrimidines has made possible 


| the investigation of a large number of different nucleic acid preparations. 


These studies led to the conclusion that the desoxypentose nucleic acids 
(DNA) exhibited a composition that in many cases differed very consider- 


| ably (3, 4) from that of calf thymus DNA (5). The present paper pro- 


ee —EE — 


vides information on the composition of the highly polymerized DNA from 
the spermatozoa of the salmon (Salmo salar) and compares the results ob- 
tained with two different hydrolysis methods employed in this laboratory. 


EXPERIMENTAL 
Preparation 


The spermatozoa serving as the starting material had been collected in 
Sweden; they formed, when freshly dried in the frozen state in a vacuum, 
a fine salmon-colored powder.! A portion (12.7 gm.) was suspended in 100 
ce. of a salt solution representing a modification of the one employed by 
Pollister and Mirsky (6).2 After centrifugation of the suspension at 2800 
X g, the sediment was distributed in 800 ce. of 10 per cent aqueous sodium 
chloride by being blended in a high speed mixer for 2 minutes. The mix- 
ture was kept for 24 hours and then diluted to a total volume of 5 liters 


* This work has been supported by a research grant from the National Institutes 
of Health, United States Public Health Service. Part of the work was carried out 


| by the senior author, while holding a John Simon Guggenheim Memorial Foundation 


YIM 


Fellowship, at the Wenner-Gren Institute of Experimental Biology, University of 
Stockholm. Thanks are due to Professor J. Runnstrém, Director of the Institute, 
for his very kind hospitality and interest. 

1 We are greatly indebted for this material to Professor J. Runnstrém and Mr. 8. 
Lindvall. 

2 The components of the solution had the following molarities: sodium chloride 
0.123, potassium chloride 0.009, potassium sulfate 0.004, sodium citrate 0.01. All 
operations were carried out in the cold. 
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by the addition of 10 per cent NaCl solution. Centrifugation, pettioniedll by t 
unpleasant at this step, could be omitted, since the mixture was only) je., 


slightly turbid and contained little solid material. The addition of 2 vol- 
umes of 95 per cent ethanol produced copious fibers which were spooled 
on a glass hook, drained by squeezing, and washed with 75 and 100 per 
cent ethanol. 

The solution of the threads in 800 cc. of 10 per cent aqueous NaCl 
was deproteinized (7) by vigorous agitation in a high speed mixer with 
150 to 250 ec. of chloroform-octanol (9:1). Six such treatments, each 
for 3 to 5 minutes, followed by centrifugation, were required. The re- 
sulting solution, clarified by centrifugation at 20,000 x g for 1 hour, was 
slowly injected below the surface of 2 volumes of ethanol kept at —10°. 
The resulting fibers of DNA were lifted immediately by means of a slowly 
and uniformly rotating glass hook, well drained, and washed with 75 and 
100 per cent ethanol. Following dialysis of their solution in 0.14 m NaCl 
against running and distilled water for a total of 96 hours, the Na salt of 
the DNA was recovered by the evaporation of the frozen solution in a 
vacuum. It formed a white fiber felt, amounting in weight to about one- 
third of the starting material. In this manner two specimens were isolated. 


Properties 


Preparation 1 contained N (Dumas) 14.3, P (Pregl-Lieb) 8.9 per cent; 
Preparation 2, N 14.8, P 8.9 percent. The colorimetric comparison with 
the standard preparations of calf thymus DNA previously described (5) 
and yeast ribonucleic acid (8) made use of the reactions with diphenylamine 
(9) and orcinol (10) respectively. The results were as follows: Preparation 
1, 101, Preparation 2, 108 per cent DNA; Preparation 1, 3.6, Preparation 2, 
1.5 per cent ribonucleic acid. 

Preparation 1 also was examined spectrophotometrically and viscosi- 
metrically. The ultraviolet absorption spectrum (in m phosphate buffer 
of pH 7.1) exhibited a maximum at 260 my with an e(P) of 6700 and a 
minimum at 231 my with an e(P) of 4600. (For a definition of the ex- 
pression e(P), see Chargaff and Zamenhof (11).) The specific viscosity 
Nsp in distilled water was determined at 30.3° in an Ostwald-Fenske vis- 
cosimeter under gravity (water value, 10.8 seconds) ; it was found to be 29.6 
for a 0.22 per cent solution and 5.6 and 2.0 for 0.11 and 0.055 per cent solu- 
tions respectively. 


Hydrolysis 


ryt . . ) 
Two procedures were compared. In one, which will be referred to here 


as Procedure 1, the nitrogenous components were liberated and determined 


3 We are indebted to Miss R. Rother for these analyses. 
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by the methods described previously from this laboratory (5, 8, 12, 13); 
i.e., the purines were set free by N H.SO, (1 hour, 100°) and chromato- 
graphed in aqueous butanol-diethylene glycol (NH3 atmosphere) ; the py- 
rimidines were liberated with concentrated formic acid (2 hours, 175°) 
after removal of the purines as the hydrochlorides by treatment with 
methanolic HCl, and chromatographed in aqueous butanol. 

The second method, Procedure 2, is considerably simpler and permits 
the use of even smaller quantities of DNA (2 to 6 mg. for a complete 
analysis) than was possible heretofore; its use was briefly mentioned in 
a recent paper (14). It is based on the simultaneous liberation of all 
purines and pyrimidines by the hydrolysis of the DNA with concentrated 
formic acid and on their separation, on the same chromatogram, by means 
of ammoniacal butanol. When it is desired to establish complete balances, 
i.e. to express the molar distribution of individual nitrogenous constituents 
not only in terms of P present in the hydrolysate, but also in relation 
to the total N and P of the nucleic acid, about 6 mg. of DNA are used 
in the analysis. The sample (dried in a high vacuum at 60° for 3 hours) 
was heated in a sealed small bomb tube (about 220 X 6.5 mm.) with 0.8 
ce. of concentrated formic acid (98 to 100 per cent) at 175° for 2 hours. 
The hydrolysate was transferred quantitatively to a 1 cc. volumetric flask 
and adjusted to volume by means of small portions of distilled water 
which served to rinse the hydrolysis vessel. Aliquots, measured with an 
accurate micro burette in the usual manner (12), were employed for the 
colorimetric P determination (0.04 cc. of hydrolysate) and for the chro- 
matographic separation (0.01 ec.). When very small quantities of DNA 
were to be analyzed, 2 mg. of the substance were heated with 0.2 cc. of 


concentrated formic acid and the hydrolysate was, without volume ad- 


justment, analyzed for P and for individual purines and pyrimidines. In 
this case, all computations were based on the ratio of moles of nitrogenous 
constituent to moles of phosphorus present in the hydrolysate (13, 14). 

The chromatographic and spectroscopic techniques were, in general, simi- 
lar to those described previously (8, 12). The paper sheets (16 X 46 cm.), 
carrying five lanes 3 cm. wide, were left for 20 minutes in an ammonia 
atmosphere in order to neutralize the acid. The solvent used for the 
chromatographic separation consisted of a mixture of 6 volumes of n- 
butanol and 1 volume of 0.6 N aqueous ammonia. Two beakers, one con- 
taining the solvent mixture, the other 0.6 N ammonia, were placed along- 


' side each paper sheet at the bottom of the jar used for chromatography; 
, the paper sheets were suspended, the solvent trough being left empty, 


» here 
nined 


Vilna 


and allowed to equilibrate with the solvent atmosphere for 1 hour in the 
closed vessel. Then the trough was filled with the solvent mixture and 
the separation permitted to proceed for 18 to 20 hours, at which time the 
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solvent front had passed over the lower edge of the paper. After the| 


papers had dried in air, the position of the separated components was} 


marked under a Mineralight lamp or a similar ultraviolet lamp.‘ The| 
components, in the order of increasing distance from the starting point, | 
were aligned as follows (the distance of thymine arbitrarily taken as 100): 
guanine (26), cytosine (47), adenine (71), thymine.’ The quantitative 
determinations were carried out as described before (12). 

That the pyrimidines are recovered without loss after heating in con- 
centrated formic acid under the conditions of the hydrolysis has been 


TaBLe I 
Resistance of Purines to Heating with Concentrated Formic Acid* 




















Adenine | Guanine 
Experi- | Heating | | | N f | | | rong? 
ment No. ele Amount | Amount Standard separation| Amount | Amount — separation 
in mixture recovered error | experi- wican recovered | | error | experi- 
| | ments | | | ments 
; min. 4 per cent | per cent | | 4 per cent per cent | “a 
1 0 | 94 | 9.9] 0.7] 8 | 66 | 10.3] 1.8] 8 
2 . 120 9.4 100.7 | eT || te 6.6 101.1 | 1.4 | 12 
3 120 9.4 97.8 | 0.8 | 9 | 6.6 102.5 | 1.2 |} 11 
4 0 | 74 | 9.8] 08 | 8 |} 44 | 1023] 25 | 7 
5 120 7.4 101.7 | 0.3 | 9 | 4.4 102:8 | 2.7 | 12 
6 120 | 7.4 | 95.7 | 0.6 | 12 | 4.4 | 93.6 | 1.6 9 














. ietienn:3 in menial formic aa of mixtures of adenine aad guanine of 
known concentration were employed. Portions were directly subjected to chro- 
matographic separation and estimation. Other aliquots (0.7 cc.) were heated at 
175° for 2 hours in sealed bomb tubes, adjusted with water to a volume of 1 cc., and 
analyzed. 


demonstrated previously (8). Similar data are provided here in Table I 
for the purines. 


Composition 


The figures for the purine and pyrimidine composition of the two prepa- 
rations of salmon sperm DNA, as found in individual hydrolysis experi- 


4 We are very grateful to Dr. A. Marshak of New York University for drawing 
our attention to the fact that even better definition is obtained when a General 
Electric mercury lamp (No. G8T5), equipped with Corning glass filter No. 9863, is 
employed. 

5 When 5-methylcytosine, occasionally encountered as a minor DNA constituent 
(15), is to be estimated at the same time, a mixture of 6 volumes of n-butanol and 1 
volume of 0.1 N ammonia has been found preferable as the solvent system (unpub- 
lished experiments with Mr. G. Brawerman). The alignment of separated compo- 
nents, again with thymine as the reference point, was as follows: guanine (35), 
cytosine (51), 5-methylcytosine (65), adenine (80), thymine. 
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ments performed by the two procedures outlined above, are recorded in 
Table II. In order not to make Table II unwieldy, the values were 
reduced to two places and only one set of figures given; viz., the molar 
proportions of purines and pyrimidines to phosphorus present in the hy- 
drolysate. In the analyses reported here, the values would have remained 
practically unchanged had they also been recorded in terms of the N and P 
content of the individual nucleic acid specimen subjected to hydrolysis, 


Tasie II 
Purine and Pyrimidine Contents of Salmon Sperm DNA 
The results are expressed in moles per mole of P in the hydrolysate. 






































Nitrogenous constituent Ranens of econ 
Experi- | Prepara- |Hydrolysis 
ment No.*| tion No. | procedure Nl ] ae 
Adenine Leaenan Cytosine |Thymine} Purines | —_ | Total 
1 1 1 0.27 | 0.18 0.45 | 
2 1 0.26 0.19 0.45 | 
3 1 0.17 0.28 | 0.45 
4 1 0.18 0.28: | 0.46 
5 2 0.28 0.20 0.21 0.27 0.48 | 0.48 0.96 
6 2 0.30 0.22 0.20 0.29 0.52 | 0.49 1.01 
7 2 0.27 0.18 0.19 0.25 0.45 | 0.44 0.89 
8 2 0.28 0.21 0.20 0.27 0.49 | 0.47 0.96 
9 2 1 0.25 0.18 0.43 | 
10 1 0.29 | 0.20 0.49 | 
ll 2 0.29 0.18 0.20 0.27 0.47 | 0.47 0.94 
12 2 0.28 0.21 0.19 0.26 0.49 | 0.45 0.94 
13 2 0.30 0.21 0.20 0.30 0.51 | 0.50 1.01 





* In each experiment between twelve and twenty-four determinations of indi- 
vidual purines and pyrimidines were performed. 


as was done previously (5, 8). Care was taken to ascertain the com- 
pleteness of hydrolysis in all cases reported. 

In Table III, the results yielded by both hydrolysis procedures are 
compared and examined statistically and average figures for the composi- 
tion are derived. The molar relationships between the constituents are 
summarized in Table IV. The significance of the comparison between the 
value calculated for the average number of gm. atoms of nitrogen per 
mole of constituent in the hydrolysate and the atomic N:P ratio found 
in the intact nucleic acid has been discussed previously (5, 8). 

It appeared of interest to study the effects of briefer periods of hy- 
drolysis with concentrated formic acid than 2 hours at 175°, as generally 
used here. .When Preparation 2 was heated with formic acid at 175° for 
30 minutes, the results (in moles of liberated constituent per mole of P 


VIiIM 
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in solution) were as follows: adenine 0.28, guanine 0.19, cytosine 0.20, 
thymine 0.07; purines recovered 0.47, pyrimidines 0.27. After heating } 
for 1 hour under the same conditions, the corresponding figures, listed in 


TaB_e III 
Salmon Sperm DNA; Proportions (in Moles of Nitrogenous Constituent per Mole of 





























P in Hydrolysate) 

Procedure 1 Procedure 2 cA All analyses 
Constituent | a 2 aS 
iat aa — |standard co coy Sstandar — | Standard 

i error | lyses* | portion | TF | paetion | bes 

| | SEER CTO 

PASRETAATEO So 5 ise terse brs crs, S35 4 | 0.267 | 0.007 7 0.287 | 0.005 | 0.280 | | 0.005 
MAING © oo. o. a etic 4 0.186 | 0.004 | 7 0.200 | 0. 006 | | 0.196 | 0.004 
KS VAOBING 5 seas cds v8 005 2 0.175 | 0.001 7 0.197 | 0.003 | 0.192 | 0.006 
PENVIMING. 6 sis.6 seco. e+ os 2 0.279 | 0.002 is 0.273 | 0.006 | 0.274 | 0.005 
| ape ae 

BN isicvepcein | 0.907 | | 0.957 | 0.942 | 











* In each hydrolysis between twelve and twenty-four deteenbientions of indi- 
vidual nitrogenous constituent were performed. 





TasB.e IV 
Salmon Sperm DNA; Molar Relationships 

Molar ratio* | 

J NCESTLE CE UDO) C1) C0000: a | 1.43 

Pa ANINe SCVIOSIIC rn, «.cadisty es seh Oss Gidea Se es eames | 1.43 

PRGA CRAERI Mae MU ATINTA ooh sep ib 9 80-2 GS, GSS a rete Gee Ta | 1.02 

Guanine ‘‘ cytosine......... ere eee te 1.02 

Ppinrimes) «WW TINNED 60 3-2 5 6 oebcc.cs Sen vs vee ema 1.02 
P accounted for, % P in hydrolysatef................... 95.8 (1.6) 
Average gm. atoms N per mole constituent.............. 3.7 


Atomic N:P ratio in nucleic acid iectamasaiused Bit Sock vos RO IY p 





* The eomputations of the molar ss are based on the mean proportions of each 
nitrogenous constituent found in all analyses (Table III). 

+ The recovery figure (standard error in parentheses) is based on the average of 
the total recoveries recorded in all hydrolysis experiments carried out by Procedure 
2 (last column, Table II). 


the same order, were 0.27, 0.17, 0.19, 0.25; 0.44, 0.44. A comparison of 
these figures with those listed in Tables II and III will show that the lib- 
eration of adenine, guanine, and cytosine was almost complete, even after 
a heating period as short as 30 minutes, but that thymine lagged far 
behind. This refractoriness of thymidylic acid is reminiscent of the simi- 
lar behavior of the ribose nucleotide uridylic acid (16). 
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Sugar 


The sugar released by the purine portion of the DNA molecule was 
examined chromatographically by the procedures described before (5). 
The enzymatic degradation to the nucleoside stage was carried out simul- 
taneously with 5 mg. samples of Preparation 1 of salmon sperm DNA and 
of a specimen of calf thymus DNA. Control experiments in which the 
nucleic acid was omitted also were performed. The liberation of the des- 
oxy sugar by controlled heating at pH 1.5, the chromatography in three 
different solvent systems, and the development of the chromatograms with 
m-phenylenediamine (17) followed, in all details, the previous methods 
(3, 5). The sugar obtained from the salmon sperm DNA occupied the 


same position on all chromatograms as 2-desoxyribose released from calf 
thymus DNA. 


DISCUSSION 


The DNA of salmon sperm analyzed here provides a good instance of 
a number of regularities stressed in previous publications from this labora- 
tory. It belongs to the “AT type” (4) in which adenine and thymine 
outweigh guanine and cytosine, in this particular nucleic acid to the extent 
of about 40 per cent (see Table IV). Not only the ratio of purines to 
pyrimidines but also that of adenine to thymine and of guanine to cyto- 
sine equals 1 (cf. (1, 2)). As the number of examples of such regularity 
increases, the question will become pertinent whether it is merely acci- 
dental or whether it is an expression of certain structural principles that 
are shared by many desoxypentose nucleic acids, despite far reaching dif- 
ferences in their individual composition and the absence of a recognizable 
periodicity in their nucleotide sequence (14). It is believed that the time 
has not yet come to attempt an answer. 

The present study has offered the opportunity of comparing the results 
yielded by two different hydrolysis procedures. The methods used here- 
tofore (8) required two separate hydrolyses, one for the determination of 
purines, another for that of pyrimidines. The simpler procedure, applied 
in many instances in the present study, in which all nitrogenous constitu- 
ents are simultaneously liberated by formic acid and separated on one chro- 
matogram, offers many advantages. It requires less material and leads 
to a somewhat better recovery of the separated constituents. The figures 
summarized in Tables II and III provide a basis for the comparison of the 
merits of both hydrolysis methods. It will be seen that the mean ratio 
of adenine to guanine remained unchanged, viz. 1.43 irrespective of the 
procedure employed. The ratio of thymine to cytosine was 1.59 in Pro- 
cedure 1, 1.39 in Procedure 2. This seems to be due to a slightly lower 
recovery of cytosine in the first method of hydrolysis. The ratios listed 
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in Table IV were based on the mean proportions of each nitrogenous 
constituent. When the molar relationships found for each hydrolysate 
were computed individually and compared, as has been done previously 
(1, 2, 13), the mean ratio of adenine to guanine was 1.44, with a standard 
error of 0.02; that of thymine to cytosine was 1.42, with a standard error 
of 0.03. 

In the DNA of salmon sperm discussed here the two hydrolysis methods 
yielded essentially similar results. It should, however, be stressed that 
it is desirable to use more than one cleavage procedure for the investi- 
gation of substances as complicated as the nucleic acids, since eventual 
differences in the results could provide a useful indication of structural 
peculiarities. 

The identification of the sugar component of salmon sperm DNA as 
desoxyribose, apparently here attempted for the first time, must remain 
tentative as long as the chromatographic properties of 2-desoxyxylose, and 
for that matter of other desoxy sugars, are unknown. 


SUMMARY 


Highly polymerized preparations of the desoxypentose nucleic acid of 
salmon sperm were isolated and analyzed for their contents in adenine, 
guanine, cytosine, and thymine. The results obtained by two different 
hydrolysis methods were compared. A procedure permitting the complete 
analysis of as little as 2 mg. of a nucleic acid is described. The sugar 
component was identified tentatively as 2-desoxyribose. 
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MALEASE, A HYDRASE FROM CORN KERNELS 


By WILLIAM SACKS anp CLIFFORD O. JENSEN 


(From the Department of Agricultural and Biological Chemistry, Pennsylvania State 
College, State College, Pennsylvania) 


(Received for publication, March 20, 1951) 


Dakin (1) could find no optically active malic acid after digesting a 1 
per cent solution of neutral sodium maleate with 100 gm. of fresh muscle, 
and noted that “much unchanged maleic acid was left in the solution and 
could be recovered on extraction with ether.” 

In general, in previous investigations of the action of enzymes cata- 
lyzing the loss of water by malic acid methods of estimation of the end- 
products were employed in which maleic acid was not differentiated from 
fumaric acid (7.e., titration with potassium permanganate or spectrophoto- 
metric measurement of absorption in the ultraviolet region). Since the 
work of Dakin, better methods for the identification and estimation of 
maleic acid and fumaric acid in the presence of both have been published 
by Warshowsky and Rice (2) and Warshowsky, Elving, and Mandel (8). 
These authors used polarographic measurements to identify and estimate 
these isomers. 

We undertook an investigation of the enzymic conversion of maleic 
acid, using a polarographic method of identifying and estimating maleic 
and fumarie acids. Since our enzyme preparations contained malic de- 
hydrogenase, the reaction was driven in the direction of oxalacetic acid by 
employing triphenyltetrazolium chloride (TTC) as an electron acceptor 


(4). 


EXPERIMENTAL 


Apparatus—The polarograph used in these studies was the Fisher elec- 
dropode. The drop time for the capillary in the base solution of pH 7.5 
was 5.5 seconds at zero applied voltage. The mass of mercury dropped 
per second, m, was obtained at an applied potential of 0.00 volt and was 
found to be 1.295 mg. per second. The value of mit for the capillary 
used in these studies was 1.58 mg.’ sec.—?. The mercury column for the 
dropping mercury cathode was kept at the constant height of 39.5 cm. 
The temperature of the polarographic cell was maintained constant at 
25° + 0.5° by means of a large water bath. 

Preparation of ‘‘Malease’’—The enzyme was made by a modification of 
the method of Laki and Laki (5) for the preparation of crystalline fuma- 
rase as follows: 2.2 kilos of finely ground corn were washed in 10 volumes 
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of ice-cold tap water for about half an hour. The corn was separated 


from the wash water by means of a thin cloth. The cold, washed corn 
was further ground with 2.2 liters of 0.01 m warm (45°) phosphate buffer 
solution, pH 6.7, in a Waring blendor. Then the pulp was centrifuged, 
yielding 2650 ml. of a turbid solution. 

To this fluid about 10 ml. of 1 N acetic acid were added to bring the 
acidity to pH 5.7. The precipitate formed was centrifuged and discarded. 
The supernatant, clear solution, which contained the enzyme, was cooled 
and mixed with 800 ml. of calcium phosphate gel (freshly prepared accord- 
ing to Keilin and Hartree (6)) containing 18 gm. of calcium phosphate 
per liter. After vigorous stirring, the calcium phosphate, which absorbed 
the enzyme, was removed by centrifugation. From this precipitate the 
enzyme was eluted with 570 ml. of 0.1 m (pH 7.3) phosphate buffer in 
three portions, first with 270 ml. and later with two successive portions of 
125 ml. of buffer solution. Each time, after thorough mixing, the calcium 
phosphate was centrifuged. The eluates collected were cooled down to 0°. 

In the cold eluate, 125 gm. of ammonium sulfate were dissolved (0.45 
saturation) and the solution was left in the cold for about half an hour. 
Then the precipitate was centrifuged and discarded. To the almost clear 
liquid, 91.5 gm. of ammonium sulfate were added (0.60 saturation) and 
the solution was filtered through fluted filters in the cold. The precipi- 
tates were dissolved in 67 ml. of 0.1 m (pH 6.7) phosphate buffer, giving 
70 ml. of solution. 

This solution, which was 0.15 saturated in regard to ammonium sulfate, 
was heated to 40° in a water bath for 4 to 5 minutes. After the solution 
had cooled to 0°, 0.9 gm. of ammonium sulfate was added (0.30 saturation) 
and the precipitate of inactive proteins was centrifuged. 

To the supernatant fluid, 6.4 gm. of ammonium sulfate were added 
(0.45 saturation), and the precipitate formed was filtered through fluted 
filters in the cold. From the filtrate, the enzyme was precipitated by the 
further addition of 3.57 gm. of ammonium sulfate (0.60 saturation). 
Then the solution was centrifuged in the cold and the precipitate was 
dissolved in 20 ml. of distilled water. The remaining precipitate was 
centrifuged and discarded. 

To the solution, solid ammonium sulfate was added until the enzyme 
started to precipitate. 

The enzyme solution used in these studies was made by diluting 0.4 ml. 
of this final precipitating solution (containing the precipitate) to 10 ml. 
with distilled water. 

Test of Malease Activity 
solutions containing equal volumes of enzyme solution, 0.1 per cent di- 
phosphopyridine nucleotide (DPN), 0.5 per cent tetrazolium salt, 0.1 M 





Malease activity was determined by preparing | 
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sodium maleate, and 0.1 m phosphate buffer (pH 7.5). The solutions 
were placed in the dark at room temperature and examined for color for- 
mation after 1 hour. About 70 tests with four different enzyme prepara- 
tions resulted in the reduction of TTC and the formation of the red 
formazan. The omission of enzyme, coenzyme, or substrate resulted in 
no color formation. 

Similar results were obtained when a hydrolyzed maleic anhydride 
(0.1 m) solution was used as the substrate. 

Malease Activity Determined by Polarographic Estimation of Maleic Acid— 
For the purpose of identifying and estimating maleic acid in the diges- 
tion mixtures, a slight modification of the method described by Warshow- 
sky, Elving, and Mandel (8) was followed. The diffusion current was found 
to be directly proportional to the maleic acid concentration in the con- 
centrations used in the actual digestion mixture itself. 

Malease activity was determined by polarographic measurement of the 
maleic acid remaining after various periods of incubation of the digestion 
mixture. The procedure was as follows: 1 ml. of enzyme solution, 1 ml. 
of 0.1 per cent DPN, 1.0 ml. of 0.1 m sodium maleate, 1 ml. of 0.5 per cent 
TTC, and 1 ml. of 0.1 m phosphate buffer (pH 7.5) were transferred to a 
100 ml. volumetric flask. 50 ml. of the base solution of pH 7.5 (made by 
adjusting the pH of a 0.1 M ammonium chloride solution by the addition 
of 1 N ammonium hydroxide) were added and the contents were diluted to 
volume with distilled water. The flask was allowed to stand at room 
temperature. 15 ml. aliquots of this digestion mixture were transferred 
at various time intervals to the polarographic cell and the dissolved oxy- 
gen was removed by rapidly passing a stream of nitrogen through the 
solution for 10 minutes. The sample was then examined polarographi- 
cally in the applied voltage range of —1.1 to —1.8 volts. 

The results are given in Table I. The curves in Table I had half wave 
potentials, referred to the saturated calomel electrode, of —1.37 to —1.38 
volts. 

A control containing sodium maleate, TTC, and phosphate buffer after 
72 hours of incubation gave exactly the same diffusion current as it did at 
the beginning of the incubation period, thus indicating no change in maleic 
acid concentration. 

Formation of Malic Acid from Maleic Acid by Malease—Malic acid was 
identified by the malic acid determination of Pucher, Vickery, and Wake- 
man (7). The further oxidation of malic acid to oxalacetic acid was in- 
hibited, in part, by 0.0033 m sodium arsenite, as employed by Green, 
Loomis, and Auerbach (8). Malic acid was found to be present, after 16 


hours, in solutions containing enzyme, DPN, buffer, TTC, and sodium 
arsenite. 
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Test for Fumaric Acid in Conversion of Maleic Acid—In order to deter- | diffu: 


mine whether or not fumaric acid is formed in the conversion of maleic 
acid by malease, it was necessary to modify the above method as follows: 
A series of test-tubes was set up; each contained the digestion mixture 
consisting of 1.0 ml. of 0.1 m sodium maleate, 1 ml. of enzyme solution, 
1 ml. of 0.1 per cent DPN, 1 ml. of 0.5 per cent TTC, and 1 ml. of 0.1 m 
phosphate buffer (pH 7.5). After various times of incubation at room 
temperature, the contents of one of the test-tubes were transferred to a 
100 ml. volumetric flask with 30 ml. of distilled water. 50 ml. of the base 
solution at pH 8.2 (made by adjusting the pH of a 0.7 mM ammonium chlo- 
ride solution by the addition of concentrated ammonium hydroxide) were 
added and the contents were diluted to volume with distilled water. A 
15 ml. aliquot of this mixture was examined polarographically as above. 


TaBLeE I 
Conversion of Maleate by Malease 














Initial con- Corrected : Fraction of 
Curve No. wags ooo of Incubation | pescaicomg a | apt ane 

— roe | ik. a | 

1 11.60 0 | 4.52 11.60 | 0.0000 

2 11.60 1.5 | 4.45 11.37 | 0.0198 

3 11.60 3 | 4.35 11.13 0.0405 

4 11.60 7 | 4,25 10.90 | 0.0603 

5 11.60 12 | 3.70 9.50 | 0.1805 

6 | 11.60 23.7 | 0.25 | 0.64 | 0.9448 





The resulting curves indicated that no fumaric acid was produced from 
maleic acid under the conditions employed. 

Formation of Maleic Acid from Malic Acid by Malease—The reversibility 
of malease action was investigated by incubating, at room temperature, 
1.0 ml. of 0.2 m dl-malic acid, 1 ml. of enzyme solution, 1 ml. of phosphate 
buffer (pH 7.5), and 50 ml. of the base solution at pH 7.5 and periodically 
examining aliquots polarographically, as before, for the formation of maleic 
acid. 

One of the resulting curves, made after 23 hours of incubation, had a 
half wave potential (referred to the saturated calomel electrode) of —1.39 
volts and a corrected diffusion current of 2.25 wa, and, therefore, the solu- 
tion contained 5.77 X 10> gm. of maleic acid per ml. Since the original 
concentration of dl-malic acid was 2.68 X 10-4 gm. per ml., this represents 





a conversion of 25 per cent of the dl-malic acid to maleic acid. Another | 


curve, made after 34 hours of incubation, had a half wave potential (re- 
ferred to the saturated calomel electrode) of —1.39 volts, and a corrected 
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diffusion current of 1.43 wa. The solution contained 3.67 X 10-° gm. of 
maleic acid per ml., which represents a conversion of 16 per cent of the 
dl-malic acid to maleic acid. 


DISCUSSION 


The evidence presented above establishes definitely the fact that maleic 
acid is converted to malic acid reversibly, by the action of an enzyme 
found in corn, to which we have given the name ‘“‘malease.”” Because we 
employed TTC as an electron acceptor, and since our enzyme preparation 
contained malic dehydrogenase, we were able to convert a large fraction 
of maleic acid to the oxidation product of malic acid, presumably oxal- 
acetic acid. The reactions represented by the data in Table I can there- 
fore be written according to the accompanying scheme. 


(malease) | 


Maleic acid + H.O malic acid 


| (malice dehydrogenase) 
oxalacetic acid + 2H* + 2e 


DPN + 2Ht+ + 2e — reduced DPN + Ht 
Reduced DPN! + TTC + Ht — DPN + reduced TTC 
(insoluble formazan) + H+Cl- 


The experimental results also indicate that the conversion of maleic 
acid to malic acid is a reversible reaction and that it takes place without 
the intermediate formation of fumaric acid. 

Malease activity decreased at a high substrate concentration and prac- 
tically stopped when the digestion mixture was made up to volume with 
base solution of pH 8.2 and distilled water. 

In a previous publication (4) the authors have indicated the possible 
presence of fumarase in corn embryos. However, with the present en- 
zyme preparation we were unable to show that fumaric acid appeared 
when malic acid was added to the enzyme solution. 

In view of the evidence presented in this article, the authors believe 
that maleic acid should be included in the metabolic cycle in corn kernels 
as follows: 






Fumaric +H.,0 
(fumarase) 


—H.0 —2H (malic dehydrogenase) _ ; ; 
malic =— oxalacetic acid 




















+2H 







(malease) 
+H.O 


Maleic 





1 Reduced DPN may be oxidized by diaphorase as an intermediate and the dia- 
phorase then reduces the TTC (R. Sanadi, private communication). 
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SUMMARY 


1. Fumaric acid and maleic acid can be identified and estimated in ) 


enzyme studies by using a polarographic analysis. 


2. Corn kernels contain a “malease’”’ enzyme that reversibly catalyzes 


the conversion of maleate to malate. 


3. The conversion of maleic acid to malic acid takes place without the 


intermediate formation of fumarie acid. 


4. The acid cycle in certain tissues of higher plants should include 


maleic acid as a metabolite. 
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IMMUNOLOGICAL STUDIES ON EGG WHITE PROTEINS 
IV. IMMUNOCHEMICAL AND PHYSICAL STUDIES OF LYSOZYME* 


By L. R. WETTER{ anno H. F. DEUTSCH 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, April 21, 1951) 


Lysozyme may be readily prepared in the crystalline form from chicken 
egg white by the method of Alderton and Fevold (1). To the previous 
immunochemical investigations of chicken egg white proteins (2, 3),! it 
appeared advisable to add a study of the physical and quantitative im- 
munochemical properties of crystalline lysozyme. Its low molecular 
weight makes it an interesting material for a quantitative precipitin in- 
vestigation, as most proteins previously utilized in such studies have been 
substances of higher molecular weight. Although there is evidence of 
both immunological and physical heterogeneity, a quantitative immuno- 
chemical assay method for lysozyme in egg white is feasible. 


EXPERIMENTAL 


Lysozyme crystallized seven times was prepared from fresh egg white 
by the direct crystallization method of Alderton and Fevold (1) and stored 
in the lyophilized form. 

Electrophoretic analyses were performed in buffers of ionic strength of 
0.1. For mobility experiments in the region of the isoelectric point, so- 
dium glycinate buffers? were employed. Experiments on velocity sedi- 
mentation were carried out in the Svedberg oil turbine ultracentrifuge in 
0.15 m NaCl and a schlieren optical system was used to record the bound- 
aries as a function of time. Diffusion experiments were performed in the 
electrophoresis apparatus at 1.2° with the conventional schlieren lens opti- 
cal system. The boundaries were sharpened at the start of the experiment 
by the method of Kahn and Polson (4). ° 

The apparent specific volume of lysozyme was determined in a pyc- 

* This work was supported in part by grants from the Wisconsin Alumni Research 
Foundation. 

{ Fellow of the United States Public Health Service. Present address, Prairie 
Regional Laboratory, Saskatoon, Saskatchewan. 

1 Wetter, L. R., Cohn, M., and Deutsch, H. F., unpublished data. 

2 The pH was determined with a glass electrode at 25° and the necessary sodium 
ion corrections were applied. 

’ The sedimentation experiments were carried out by Mr. E. M. Hanson. 
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nometer of approximately 20 ml. volume. The ultraviolet absorption tel 
spectrum was obtained by utilizing a Beckman quartz spectrophotometer. } — di 
Antiserum to lysozyme was prepared as follows: The first course of im- 


munization, which gave an unsatisfactory antibody response, consisted of de 
five intraperitoneal injections at 4 day intervals of 10 mg. of lysozyme th: 
absorbed on alumina. A second course consisting of three subcutaneous ref 
injections of 25 mg. of lysozyme suspended in paraffin oil was carried out dif 
over a 4 week period. Rabbits showing adequate precipitin titers at this an 


time were exsanguinated and the antibody-rich y-globulin fraction was 
separated by the method of Nichol and Deutsch (5). 

The lytic activity of lysozyme was determined by a modification of the 
procedure described by Boasson (6). Suspensions of Micrococcus lyso- 
deikticus in saline-borate buffer (pH 7.3) were diluted to show 5 per cent 
light transmission at a wave-length of 500 my in a Coleman universal 
spectrophotometer. A standard curve was prepared by plotting the 
amount of lysozyme added against the rate of lysis, the latter being re- 
corded as the change in transmission during the 5 minute period following 
the addition of a known amount of lysozyme to a standard suspension of 
organisms. The lysozyme concentration of unknown solutions was ob- 
tained by comparing the rate of lysis with the standard curve. Recently ) 
a similar assay method has been reported by Smolelis and Hartsell (7). 

The quantitative precipitin reaction and the tests of the supernatant 
solutions of the specific precipitates for excess antigen and antibody were 
performed as previously reported (2). The antigen-antibody reactions 


were allowed to equilibrate at approximately 1—-2° for 5 days prior to re- 
moval of the specific precipitates. et 
ar 

DISCUSSION “ 

Physicochemical Studies—Lysozyme showed a single boundary on electro- nit! 


phoresis in buffers of 0.1 ionic strength, varying from 4.0 to 10.3 pH. | sod 
Electrophoretic mobilities, determined on the descending boundary of the 
patterns shown in Fig. 1, were +6.95, +2.90, and +3.30 X 10~-> cm? 8.6 
volt— sec.-! for acetate, diethyl barbiturate, and glycinate buffers, respec- | ©" 
tively. The mobility data agree with those reported by Longsworth ef al. at 
(8) and by Alderton, Ward, and Fevold (9) for a similar pH range. Small | "4 
amounts of a second electrophoretic component of lysozyme, as noted by }| 74 
Alderton et al. (9) and by Anderson and Alberty (10), were not observed in | 2 


our preparation of lysozyme. 7 
A plot of electrophoretic mobilities as a function of pH gives an isoelec- the 
tric point of 11.35 at ionic strength 0.1. This may be compared with the | 


value of 11.2 found by Anderson and Alberty (10) at ionic strength 0.05. pH 
The unusually high isoelectric point of this protein can be explained in the 
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terms of the neutralization by amide formation of sixteen of its seventeen 
dicarboxylic acid groups (11). 

Although a single electrophoretic boundary has been considered as evi- 
dence of electrical homogeneity, Alberty e¢ al. (10, 12) have shown that 
this is not necessarily the case. The low solubility of lysozyme in the 
region of its isoelectric point makes the reversible spreading determination 
difficult. For this reason the steady state boundary criterion of Anderson 
and Alberty (10) was employed. The experiment was carried out in a pH 
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Fig. 1. Descending electrophoretic patterns of lysozyme in 0.1 ionic strength 
buffers. A, acetate, pH 4.0, for 11,000 seconds at 3.8 volts per cm.; B, sodium diethyl 
barbiturate, pH 8.6, for 11,000 seconds at 4.2 volts per cm.; C, sodium glycinate, pH 
10.3, for 9200 seconds at 5.5 volts per cm. 


Fig. 2. Ultraviolet absorption of crystalline lysozyme (0.0688 mg. of protein 
nitrogen per ml. of solution) in distilled water at pH 6.7 (solid line), and in 0.1 N 
sodium glycinate buffer containing 5 per cent NaCl, pH 10.1 (dash line). 


8.6 sodium diethyl barbiturate buffer of ionic strength 0.1, with protein 
concentration of 0.7 per cent. At no time during the experiment (9 hours 
at a potential gradient of 4.2 volts per cm.) did the ascending boundary 
reach a steady state. Since the ascending boundary does not fulfil this 
requirement, it would appear that lysozyme is not electrically homoge- 
neous. <A decrease in the height of the ascending peak does not, however, 
conclusively indicate heterogeneity, as the boundary may be approaching 
the steady state very slowly. 

Diffusion constants were determined in 0.15 Mm NaCl at approximately 
pH 9. These constants were calculated by the height-area method and 
the method of moments. Average values for Deo, » of 10.2 and 11.2 K 1077 
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em.” sec.~', respectively, were obtained. A higher value for the method of el 
moments is indicative of molecular heterogeneity (13). (] 
Experiments. on velocity sedimentation revealed a single symmetrical | e 
boundary. Average values of se, = 2.11, 2.09, and 2.12 S for the sedi- 
mentation constant were obtained at protein concentrations of 1.3, 0.9, of 
and 0.5 per cent, respectively. Thus, the sedimentation rate of lysozyme of 
appears to be independent of protein concentration over the range studied. Ww 
The apparent specific volume was determined on 1.5 per cent solutions | 0 
of this protein. The average value for two experiments was 0.722. From cc 
this, and the average of the sedimentation and diffusion constants, a mo- in 


lecular weight of 17,200 is calculated. This figure is in agreement with 
values previously reported by other workers who employed molecular ki- 
netic methods (9, 14). 

The ultraviolet absorption spectrum of lysozyme, Fig. 2, was determined 
in distilled water adjusted to pH 6.7 and in a 0.1 N sodium glycinate buf- 
fer containing 5 per cent NaCl (pH 10.1). The results are similar to those 
reported by Fromageot (15). 

Immunochemical Studies—The results of the precipitin reaction of lyso- 
zyme with rabbit antiserum are plotted in Fig. 3. Almost complete solu- 
bility of the specific precipitate is seen in the far antigen excess region, 7.¢. 
beyond 25 y of antigen nitrogen added. Tests of the supernatant solutions 
reveal a very narrow antibody excess region, with no clearly defined equiv- 
alence zone. The agar diffusion method of Oudin (16, 17) gives evidence 
for the presence of at least two antigenic materials in lysozyme and in egg sev 


white.’ lyt 
The lytic activity of the supernatant solutions of the specific precipi- = 
tates and of the lysozyme originally added is shown by Curves B and A, re : 


respectively (Fig. 3). “he activity of the antigen-antibody complexes was 
not determined. Some activity is discernible in the supernatant solutions for 
after the addition of 9.4 y of lysozyme nitrogen. This represents the et « 
point at which the solubility of the specific precipitate in excess antigen is , 
first becoming evident. From this point to approximately 18.4 7 of added _ liz 
lysozyme nitrogen, a small amount of enzyme is demonstrable in the the 
supernatant solutions. This may be owing to the soluble antigen-antibody _ pre 
complexes or to free lysozyme resulting from the dissociation of the com- ger 
plex. Above 18.4 y of added lysozyme nitrogen, the lytic activity indi- | cor 
cates that the excess enzyme is completely uninhibited. The inhibition of | ant 
the enzyme by antibody does not necessarily mean that the groups respon- | cry 
sible for enzymatic activity and antibody combination are identical. Com- 

bination of the low molecular weight lysozyme (17,200) with rabbit anti- 

body (160,000) may block the union of the bacterial substrate with the | — E 


4 These tests were made by Dr. E. L. Becker. lize 
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enzymatically active groups. The difference between Curves A and B 
(Fig. 3) represents the enzyme which has been inactivated as a result of 
combination with antibody. 

The precipitin reaction of egg white with antilysozyme serum, the results 
of which are plotted in Fig. 3, furnishes an excellent method for the assay 
of lysozyme in its native system. The ratio of lysozyme to added egg 
white nitrogen which results in the same amount of specific precipitate is 
0.042. When values of 16 and 18.3 per cent are employed for the nitrogen 
content of the egg white proteins and of lysozyme (18), respectively, an 
immunochemical value of 3.7 per cent of the egg white proteins is obtained 
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Fig. 3. The reaction of rabbit antilysozyme y-globulin with lysozyme crystallized 
seven times (O), lysozyme crystallized five times (X), and egg white (gj). The 
lytic activity of lysozyme added to each tube and of the supernatant solutions is 
shown by Curves A and B, respectively. The activity is expressed as micrograms of 
lysozyme N (right-hand ordinate). A’ and B’ are for lysozyme and egg white, re- 
spectively. The arrow indicates the point at which the first trace of antigen appears. 


ook 


for lysozyme. A value of 3.6 per cent has been reported by Longsworth 
et al. (8), as determined by electrophoresis in acetate buffer at pH 3.9. 
The curves of the quantitative precipitin reaction of lysozyme crystal- 
lized five times and of egg white are in remarkably good agreement with 
the curve for lysozyme crystallized seven times over a wide range of added 
protein. Almost identical results are obtained even in the region of anti- 
gen excess, in which evidence of impurities and deviations in antigenic 
compositions are more easily detected (2). This would suggest that the 
antigenic components of lysozyme exist in the same ratio in the native and 


crystalline state. 
SUMMARY 


Both physical and immunochemical investigations of lysozyme crystal- 
lized seven times indicate that this protein preparation is not homogeneous. 
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Rabbit antisera to this protein can, however, be used to assay egg white 
for its lysozyme content. The lytic activity of lysozyme is inhibited by 
antibody, even when present in the form of soluble antigen-antibody 
complexes. 
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THE EFFECT OF PREVIOUS DIET ON THE METABOLISM OF 
GLUCOSE BY RAT DIAPHRAGM* 


By R. G. HANSEN,t WILLIAM J. RUTTER,f anp LEO T. SAMUELS 


(From the Department of Biochemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, April 12, 1951) 


It has been suggested by Lundbaek and Stevenson (1) and Gilmore and 
Samuels (2) that the metabolism of rat diaphragm in vitro can be influenced 
by the dietary history of the animal. Diaphragms obtained from rats 
maintained on either a high fat or high carbohydrate diet were incubated 
in a medium containing glucose. Both laboratories reported that less glu- 
cose was removed from the medium by diaphragms isolated from rats with 
high fat intakes. Lundbaek and Stevenson reported no significant differ- 
ences between the two groups of animals in the amount of glycogen synthe- 
sized. Gilmore and Samuels, however, observed a net glycogen synthesis 
by diaphragms from the fat-fed animals, while the tissues from animals fed 
the carbohydrate diet contained less glycogen after incubation. The ex- 
periments reported here give some insight into this apparent disparity. 
Lactic acid and pyruvic acid analyses were also carried out and indicate 
differences in the metabolic activity of the tissues. Some experiments 
designed to suggest possible determinant factors producing this difference 
in metabolic activity are reported and discussed. 


Methods 


Male rats of the Sprague-Dawley strain were used for this study. They 
were maintained on Purina fox chow prior to the experimental period. 
Animals of uniform age and size were then selected and fed the experi- 
mental diet ad libitum for 3 weeks. The diets were those used in the study 
of Gilmore and Samuels (2) except that casein instead of lactalbumin was 
the protein source, and lard instead of corn oil was the fat source. The 
high carbohydrate and high fat diets were entirely comparable with respect 
to minerals and vitamins, and contained the same proportion of calories 


| as casein. They differed only in the major energy source, which was dex- 


YIM 


trin in one and lard in the other. The animals gained approximately 125 
gm. in the 3 week period. 

* This investigation was supported by a research grant from the Williams-Water- 
man Fund for the Combat of Dietary Diseases, New York. 


7 Present address, Department of Dairy Science, University of Illinois, Urbana, 
Illinois. 


243 








244 METABOLISM OF GLUCOSE 


At the conclusion of the experimental period the animals were sacrificed 
by decapitation, allowed to bleed, and the diaphragm removed, with the 
precautions suggested by Gemmill (3). The tissue was placed in Warburg 
vessels in a phosphate buffer (4), pH 7.4, containing 0.2 per cent glucose. 
Other additions were made as indicated. The flasks were equilibrated in 
an atmosphere of oxygen before the regular 2 hour incubation period. 

Control and incubated tissues were analyzed for glycogen content by a 
modification of the method of Good, Kramer, and Somogyi (5). It was 
found that good recoveries of glycogen from diaphragm could be obtained 
if minimum amounts of 30 per cent potassium hydroxide solution were 
used for digestion (approximately 0.25 ml. per 100 mg. of tissue in this 
study) and if the glycogen was reprecipitated with alcohol once. Glucose 
was determined in an aliquot of the buffer by the modified Folin-Malmros 
procedure (6) which was further modified to the extent that acid-Duponol 
solution was used to suspend the Prussian blue, as suggested by Park and 
Johnson (7). Lactic acid was determined by the method of Barker and 
Summerson (8) and pyruvic acid by the method of Friedemann and Haugen 


(9). 
Results 


Initial Glycogen—In preliminary experiments involving incubation of the 
diaphragms of rats fed the stock diet, considerable variation was noted in 
glucose uptake and in glycogen change. The data presented in Table I 


demonstrate clearly that much of the variation can be related to the initial | 


glycogen content of the tissue. When the initial glycogen values were 
greater than 1 um per 100 mg., the glycogen content of the tissue after 
incubation decreased in proportion to the amount originally present in the 
tissue. When the glycogen value was less than 1 um per 100 mg., the 
glycogen content of the tissue increased upon incubation. The glucose 
uptake of the diaphragm is also shown (Table I) to be related in an analo- 
gous manner to the initial glycogen levels. In general when the initial 
glycogen was high, very little glucose was removed from the medium; a low 
glycogen content, on the other hand, favored glucose uptake. Inasmuch 
as the glycogen content of tissues from the rat is known to be somewhat 
influenced by diet and also by the period of fasting (10), it becomes evi- 
dent, therefore, that these factors deserve careful consideration in any 
study of the metabolism of the diaphragm. 

Glycogen Change, Glucose Uptake, and Respiratory Quotient—In non- 
fasted animals previously fed the carbohydrate diet the initial content of 
the diaphragm was found to be about 2.2 wm per 100 mg. of tissue (ex- 





pressed as glucose) as compared to 0.8 um per 100 mg. of tissue from rats | 


fed the fat diet (Table II). After a 24 hour fast the tissues from animals 


YIIM 


Ef 


dig 
pel 
ex] 


ati 
acc 
anc 
ren 
ani 
if t 
the 


ced 
the 
urg 
ose. 
d in | 


ry a 
was 
ined | 
were 
this 
cose | 
mros | 
onol 
and 
and | 
ugen 


f the 
ed in 
ble I 
nitial 
were 
after | 
n the 
., the 
ucose | 
nalo- 
initial ) 
a low 
much 
ewhat 
1S eVI- | 
n any 


- non- 
ent of 
ie (ex- 
m rats | 
nimals 


asennad 


R. G. HANSEN, W. J. RUTTER, AND L. T. SAMUELS 245 


fed the carbohydrate and the fat diet contained less glycogen and the 
difference in glycogen content was no longer prominent (0.55 and 0.47 
ym per 100 mg., respectively), and could not be a major factor in any vari- 


TABLE I 


Effect of Initial Glycogen Content of Diaphragm on Glucose Uptake and Glycogen 
Change upon Incubation, Composition of Previous Diet Being Constant 
The rats in this experiment were previously fed a diet of Purina fox chow. The 
diaphragm was incubated in a Krebs-Ringer phosphate medium, containing 0.2 
per cent glucose, for 2 hours under an atmosphere of oxygen. The results are 
expressed as micromoles of glucose or glucose equivalent per 100 mg. of tissue. 




















No. of experiments Initial glycogen A glucose A glycogen 
2 4-5 0.33 | —1.67 
2 3-4 1.28 | —0.44 
5 2-3 1.33 —0.39 
2 1-2 1.39 —0.17 
30 0-1 | 3.05 +0.89 
Taste II 


Effect of Diet and Fasting on Glycogen Change, Glucose Uptake, and Respiratory 
Quotient of Isolated Rat Diaphragm 


The values are given as micromoles per 100 mg. of tissue + the standard error of 
the mean. 


























CHO Fat CHO Fat 
Li CLS MCS Ae ae 0 0 24 24 
WO; Of CRPErUMNOntss..5.56..004600 000% 11 11 14 14 
Initial glycogen, as glucose] 2.2 + 0.42} 0.8 + 0.10} 0.55 + 0.09) 0.47 + 0.08 
Glycogen formed, as glucose] 0.0 + 0.23) 0.24 + 0.07| 0.45 + 0.08] 0.36 + 0.05 
Glucose uptake 2.11 + 0.29] 1.67 + 0.18) 2.72 + 0.21) 1.83 + 0.16 
J: less glyco- | 2.11 + 0.37) 1.43 + 0.19) 2.27 + 0.22) 1.47 + 0.17 
gen stored 
Bn. Q:” 0.91 0.79 0.81 0.75 








* The average result of two experiments. 


ation in metabolic behavior of the tissue. A 24 hour fasting period was 
accordingly chosen for subsequent studies. In the tissues from both fasted 
and non-fasted animals carbohydrate feeding resulted in greater glucose 
removal from the medium. ‘This difference is clearly evident in the fasted 
animals (Table I1) and is even more significant in the non-fasted animals 
if the data are considered in the light of the high initial glycogen values of 
the tissues from rats fed carbohydrate. The conclusion that previous car- 
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bohydrate feeding tends to favor subsequent uptake of glucose by the iso- 
lated diaphragm seems justified in view of these data. 

Oxygen uptake of the diaphragm has been shown (2) to be independent 
of the type of diet used in this study and not measurably affected by the 
presence of glucose in the medium. It appears, therefore, that there is an 
abundance of endogenous substrates available as energy sources for the 
isolated tissue of both fasted and non-fasted rats. The respiratory quo- 
tient, on the other hand, does appear to be influenced by diet and by fast- 
ing (Table II). In both the fed and fasted groups, the respiratory quotient 
of tissues from animals maintained on the carbohydrate intake was higher 
than in tissues from animals fed the fat diet. Fasting decreased the res- 
piratory quotient in both types of tissues. These results may indicate a 
preference for a less highly oxidized substrate by the tissues from animals 
fed the fat diet. 

Lactic and Pyruvic Acids—To make a valid calculation of the amount of 
lactate which may have originated from glucose, it was considered necessary 
to determine tissue lactic acid before and after incubation. At the be- 


ginning of the incubation period, the rat diaphragms contained 0.88 to 1.21 | 


um of lactic acid per 100 mg. of tissue (Table III). The lactic acid values 
of the incubated tissues ranged from 0.24 to 0.28 um per 100 mg. In view 
of the much lower lactic acid content of the incubated tissue, diffusion into 
the medium had to be considered. Consequently, both the medium and 
tissue were analyzed for lactate. In Table III, the amount formed is esti- 
mated from that found in the medium, corrected for the tissue change in 
lactate upon incubation. Carbohydrate feeding favored a higher initial 
lactic acid content of the tissues. In spite of this, less lactic acid appeared 
in tissue plus medium after incubation than in the case of the fat-fed rats. 
If the lactate formed is calculated as indicated above, the diaphragms of 
non-fasted rats fed fat produced 0.68 uM of lactic acid, as compared to 0.28 
um produced by the tissue from animals fed carbohydrate. Diaphragm 
from fasted rats produced more lactic acid than did tissue from non-fasted 
rats; none the less, there was still a difference in favor of greater lactic acid 
production as a result of feeding fat (0.90 as compared to 0.64 um per 100 
mg. of tissue). 


The diaphragms from animals fed the fat diet produced 0.13 to 0.14 um | 


of pyruvate. per 100 mg. of tissue. With animals previously fed the car- 
bohydrate diet no pyruvate was formed by tissue from the fed animals; the 
diaphragm from the fasted animals, however, formed pyruvate in amounts 
similar to that from fat-fed animals. The tissues did not contain signifi- 
cant amounts of pyruvate either before or after incubation. 


Insulin Stimulation—Best et al. (11) have reported that the insulin con- | 
tent of the pancreas is markedly lowered as a result of carbohydrate depri- 
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vation. It has further been shown that insulin increases glucose uptake 
and glycogen formation by the isolated diaphragm (3, 12-17). It was 
considered possible that insufficient insulin might be responsible for the 


Taste III 
Effect of Diet and Fasting on Lactate and Pyruvate Formation by Isolated 
Rat Diaphragm 


The values are given as micromoles per 100 mg. of tissue + the standard error of 
the mean. 























DGG ach ceva es tacradney we cenaaneausegee CHO Fat CHO Fat 
Ne es bc ha okecec caaeneenes 0 0 24 24 
No: GhexPerMettS = o.ces cscs tanseusses 20 20 13 13 
Lactate Initial tissues 1.21 + 0.04/0.95 + 0.03/1.01 + 0.05)0.88 + 0.05 
| Final tissues 0.28 + 0.02/0.29 + 0.02/0.24 + 0.020. 24 + 0.03 
| Final medium 1.21 + 0.08)1.36 + 0.05)1.43 + 0.07/1.53 + 0.08 
Formed* 0.28 + 0.07/0.68 + 0.080.64 + 0.09)0.90 + 0.07 
Pyruvate | Formed 0.03t 0.14 + 0.010.138 + C.c0. + 0.02 





* Lactate formed was estimated by subtracting the tissue change from the 
amounts formed in the medium upon incubation: final medium minus (initial tissues 
minus final tissues). 

+ Lower limit of the determination under these conditions. 


TaBLe IV 
Effect of Insulin on Metabolism of Diaphragm from Rats Fed High Carbohydrate and 
High Fat Diets 


The results are expressed as micromoles per 100 mg. for 2 hours + the standard 
error of the mean of twelve experiments. 











| A glucose | A glycogen 
| CHO Fat | CHO | Fat 
(Eee 2.44 + 0.22 | 1.46 + 0.12 | 0.65 + 0.15 | 0.32 + 0.10 
MIYSUIVEFR cps otina ee eer 3.19 + 0.24 | 2.02 + 0.13 | 0.96 + 0.16 | 0.53 + 0.18 
He" FORO OU: z..a eo | 0.75 0.56 | 0.31 | 0.21 


* Two different preparations of insulin were used: commercial (illetin) and a puri- 
fied insulin at a level of 0.5 unit per ml. of medium (courtesy of Eli Lilly and Com- 
pany). 


low glucose uptake of the tissue from animals fed diets high in fat. This 
possibility was tested with additions of insulin to the medium in which the 
diaphragms were incubated. 

A decided insulin effect was noted with tissues from both the low and the 


| high carbohydrate-fed rats. The stimulation of glucose uptake and gly- 


| 


cogen synthesis, however, was similarly related to the basic rates in both 































248 METABOLISM OF GLUCOSE 


groups of animals (Table IV). In the case of the tissue from the carbo- ( 
hydrate-fed animals, the increase in glucose uptake in the presence of 0.5 | fast 
unit per ml. of insulin was from 2.44 to 3.19 um per 100 mg. of diaphragm, | fed 
a 31 per cent gain. The tissues from the fat-fed animals without insulin | ere; 
removed 1.46 uM of glucose from the medium per 100 mg. of diaphragm and !| oxi 
in the presence of insulin removed 2.02 um per 100 mg., a 38 per cent stim- A 
ulation. In view of the short periods of time necessary for insulin to be in | cha 
contact with the diaphragm to produce an effect (18), it is considered that 
insufficient insulin cannot account for the differences noted. 


DISCUSSION 


Because of limitations in the amount of tissue and medium available in 
the experiments designed by the authors, it was not possible to determine 
accurately the glucose uptake, glycogen change, and lactic and pyruvic | 
acid formation on the same experiment. The results in Tables II and III 
were, therefore, obtained from separate series of animals. Similarities of 
experimental conditions do, however, permit an estimation of the glucose 
balance. If the amount of glycogen, lactic acid, and pyruvic acid formed 
is subtracted from the glucose taken up from the medium, an estimate of | 4), 
the glucose metabolized to other products may be obtained. The equation , 12. 





SSO RO Se ee Ee 8) 


_— 


( 
based on moles of glucose would be 13. | 
14, | 

c+d " . 15. | 

a—b— — = uM glucose disappearing 16 

7.1 

where a = micromoles of glucose taken up by the tissue, b = glycogen | 18. § 


formed as micromoles of glucose equivalent, c = micromoles of pyruvic 
acid, d = micromoles of lactic acid. 

For fasted rats fed the carbohydrate diet the result would be 2.72 — (0.55) 
— ((0.13 + 0.64)/2) = 1.78 um of glucose per 100 mg. of tissue metabo- 
lized to other products. In contrast, for fasted rats previously fed the fat 
diet the value is 1.83 — (0.47) — ((0.13 + 0.90)/2) = 0.84 per 100 mg. of 
diaphragm. Similar calculations on the results from the non-fasted rats 
also revealed differences in favor of utilization of glucose by tissues from 
animals previously fed carbohydrate: 1.96 and 1.02 um per 100 mg. from | 
tissues of carbohydrate- and fat-fed groups respectively. It is evident that 
all the results presented support the general conclusion that previous ear- 
bohydrate feeding favors uptake of glucose and metabolism of lactic and 
pyruvic acids by the isolated diaphragm, while previous feeding of a high 
fat diet inhibits these effects. | 





SUMMARY 


The initial glycogen content of the muscle markedly affected the glucose | 


uptake and glycogen change of the diaphragm in a glucose medium. 
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0- Glucose uptake by the isolated rat diaphragm was greater in both fed and 
).5 , fasted rats which had received a high carbohydrate diet than in similar rats 
m, | fed a high fat diet. The decreased glucose uptake coupled with an in- 
lin | creased lactate and pyruvate formation may indicate a non-carbohydrate 
nd | oxidative preference by the isolated diaphragm from animals fed a fat diet. 
m- An insulin stimulation proportionate to the original glucose and glycogen 


‘in | change was observed in the tissue from all animals independently of diet. 
hat 
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A CHEMICAL STUDY OF THE BLOOD GROUP-SPECIFIC 
SUBSTANCES FOUND IN MECONIUM* 


By DOROTHY J. BUCHANAN anp 8. RAPOPORT 


(From the Children’s Hospital Research Foundation, the Department of Biological 
Chemistry, College of Medicine, University of Cincinnati, and the University of 
Cincinnati Research Foundation, Cincinnati, Ohio) 


(Received for publication, April 11, 1951) 


Meconium (1), the characteristic first stool of the infant, is a viscid, 
sticky, odorless, greenish brown to black material, which is regularly seen 
during the 5th month of fetal development. The amount excreted after 
birth varies from 60 to 200 gm. It is generally considered to be an accu- 
mulation of débris consisting of desquamated cells of the alimentary tract 
and skin, lanugo, fatty material from the vernix caseosa, amniotic fluid, 
and various intestinal secretions. It has been shown to contain very large 
amounts of blood group-specific materials which correspond with the blood 
type of the individual infant and its ability to secrete blood group mate- 
rials in its body fluids (2). 

Most previous studies of blood group-specific substances have been made 
on those of animal origin, because there are so few sources of the human 
substances in a concentration sufficient to allow separation and purification. 
In meconium the specific substances are present in large amounts and in a 
relatively pure form. 

Meconium has not been studied by modern chemical methods. Pre- 
liminary studies (2) indicated that meconium is for the most part soluble 
in water and contains little ash and large amounts of hydrolyzable, non- 
fermentable carbohydrate. The experimental work described in this ar- 
ticle was undertaken to elucidate the composition of normal meconium 
further. It was also of interest to investigate the chemical composition of 
some of the individual group-specific substances in meconium, to determine 
whether there were any gross differences between the different types of 
specific substances and to see whether the substances were comparable in 
composition to the materials prepared by other workers. The composition 
of single samples of meconium from a calf! and a dog was also studied. 


* The data for this paper are taken from a dissertation submitted to the Faculty 
of the Graduate School of the University of Cincinnati by Dorothy Jean Buchanan, 
June, 1951, in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. 

+ Present address, Department of Biochemistry, Vanderbilt University School of 
Medicine, Nashville, Tennessee. 

1 Obtained through the courtesy of Louis Kahn, of Cincinnati. 
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BLOOD GROUP-SPECIFIC SUBSTANCES 


EXPERIMENTAL 


Material Used—A pooled suspension of the meconium from twenty-five 
apparently normal human infants in 2 parts of water was used for this 
study. 

Methods of Analysis—Nitrogen was determined by nesslerization after 
digesting with sulfuric acid, sodium sulfate, and hydrogen peroxide; the 
total reducing sugar, after hydrolysis for 2 hours at 100° in normal acid, by 
the method of Nelson (3); hexosamine, according to the method of Elson 
and Morgan (4); methylpentose, by the CyR10 reaction, according to 
Dische and Shettles (5); and acetyl, by a modification of the method of 
Kabat and Mayer (6). 

The blood group-specific activity in meconium was assessed by its ability 
to inhibit isoagglutination, according to the procedure of Morgan and 
King (7). Standard human anti-A and anti-B sera, which gave maximum 
agglutination at dilutions of 1:64 with normal saline, were diluted 1:8 for 
these determinations. 0.1 cc. of the material to be tested was allowed to 
stand for an hour at room temperature with 0.1 cc. of the diluted serum. 
0.1 cc. of a freshly prepared 0.5 per cent suspension of washed group A or 
B red cells in saline was then added. After 2 hours the amount of agglu- 
tination was determined both macro- and microscopically. Absence of 
agglutination indicated the presence of blood group activity. 

Barium Hydroxide-Zinc Sulfate Purification—The Somogyi (3) depro- 
teinizing agents, barium hydroxide and zine sulfate, were employed to 
remove some of the impurities present in the crude meconium, such as the 
small amount of extraneous protein and most of the bile pigments. The 
supernatant from this procedure was treated with 4 volumes of ethanol, 
and the precipitate was collected. 

This product was further purified by redissolving in water and precipi- 
tating with 10 volumes of glacial acetic acid. After careful washing with 
80 per cent and absolute ethanol and ethyl ether, the product was dried and 
analyzed (see Table I). 

No uronic acids or pentoses could be detected. A sulfate determination 
indicated that only insignificant amounts of sulfate were present. 

A sample of the meconium, after it was treated with barium hydroxide 
and zine sulfate, was hydrolyzed on a boiling water bath with 0.1 N hydro- 
chloric acid. Determinations of reducing sugar on aliquots removed dur- 
ing the hydrolysis rose as the time of hydrolysis increased, reaching a con- | 
stant reducing value after 32 hours (see Fig. 1). 

The reducing sugar was non-fermentable. The presence of galactose 
was indicated by the preparation of crystalline mucic acid. 

Sevag Purification—The Sevag procedure (8), with carbon tetrachloride 
and amyl alcohol to remove any extraneous protein and other impurities | 
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such as fat and some of the bile pigments, was performed by adjusting the 














= pH of a meconium suspension to 4.5 by the addition of sodium acetate and 
ae (i acetic acid, and shaking repeatedly with 0.25 volume of a 10:1 mixture of 
| carbon tetrachloride and amyl alcohol. After seven extractions, the su- 
_ pernatant fluid was treated with 6 volumes of absolute ethanol, yielding a 
pe: precipitate which was only slightly colored and which formed a viscous 
by | solution in water. This precipitate was washed thoroughly with ethanol 
| son | and ether and dried. 
: i The products were analyzed, with the results shown in Table I. Sevag 
1 of 
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with Fig. 1. Reducing sugar hydrolysis curve of purified meconium 
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I represents the material removed by the first three Sevag extractions; 
; Sevag II, the material removed by the next four extractions; and Sevag 
ation III, the material precipitated by the absolute ethanol. 

; Phenol Purification—This purification procedure was based upon the 
roxide method described by Morgan and King (7). A meconium suspension was 
rydro- | made 90 per cent with respect to phenol. A small amount of material 
d dur: | (Morgan I) remained insoluble in 90 per cent phenol and was separated by 
centrifugation. A 1:1 phenol-absolute ethanol solution was added slowly. 
One fraction, Morgan II, precipitated at an ethanol concentration of 27 
jactose per cent, and the next, Morgan III, at an ethanol concentration of 50 per 

, cent. Morgan II fraction was further purified by redissolving in phenol 
a and reprecipitating with ethanol. Most of this fraction precipitated at a 


a con- | 
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concentration of 15 per cent. . The precipitates were washed with ethanol, 
dried, and the products were analyzed. For the results, see Table I. 
Alcohol Fractionation—Alcohol fractionation was carried out at low tem- 
perature in order to obtain evidence for the presence of mucopolysaccha- 
ride-protein complexes. The fractionation was found to be very dependent 


TaBLeE I 
Composition of Purified Samples of Normal Meconium 


















































g ai] ‘el. ; Blood group activityt 
Sample £ EE) se 2 eee RAY ae cal ee 2c ee 9 
zle im |< A B 
dent | cent| gent |cent| Per cent 
Crude 7.1 |26.2)15.3)5.0) 3.8 3.8 0.586) 0.145 2.5 30 
BaSO.- 4.3 |32.1|18.8/6.0) 4.5 7.5 |0.585| 0.140 
ZnSO, 
Sevag I {6.3 |11.1) 6.6 1.8 |0.595 6.2 62 
= II |7.6 |23.9]17.8 3.1 |0.744 1.0 100 
ae IIT 6.0 |42.6/25.9/9.6) 5.8 7.1 |0.608) 0.136 0.1 16 
Morgan I [5.4 |34.7/23.2 6.4 10.669 10 = (5.8)§) 25 (14.6)§ 
iy II [5.1 |43.9)28.4/8.9| 6.0 8.6 |0.647| 0.137 0.5 25 
a TIT|5.8 |22.4/13.5 3.9 |0.603 2.5 (1.5)§/250 (150)§ 
si || |5.72157 |87 19.0) 138.5 9.96|0.649) 0.237 0.2 
(18.0) 4 (0.316) J 





* On the dry weight basis. 

+ R.S., reducing sugar; H. A., hexosamine; M. P., methylpentose. 

t The approximate amount of material inhibiting isoagglutination, expressed in 
micrograms in 0.1 ec. of solution tested. 


§ Morgan I was only 58.4 per cent soluble in water; Morgan II, only 59.5 per cent | 


soluble. The figures in parentheses represent the activity in the soluble fraction. 

|| The figures reported are those of Morgan and his coworkers (9) on a homogene- 
ous blood group-specific substance purified from a human pseudomucinous ovarian 
cyst. 

q The first figure was obtained from the yield of acetaldehyde liberated on oxida- 
tion with periodate after mild acid hydrolysis, and the second figure was obtained 
by Kabat et al., using the colorimetric method of Dische and Shettles. 


upon the pH and the amount of buffer employed. The most reproducible 
results were obtained with a 0.2 m acetate buffer at pH 5.65 at 4°. The re- 
sults, after two repeated fractionations, are shown in Table IT. 

The supernatant fluid of the alcohol fractionation yielded a large pre- 
cipitate with basic lead acetate. After removal of the lead with hydrogen 
sulfide, the solution was found to contain both reducing sugar and nitro- 
gen, but gave no indication of blood group activity. It was almost com- 
pletely dialyzable. 

The action of pepsin and trypsin upon the various fractions was studied 
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TABLE II 


Alcohol Fractionation of Normal Meconium 
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Blo ‘oup activity* 

Sample = Nitrogen aS — ; 
A B 

mg. mg. 

QE BIDME se Sern scares ee eee 967.6 0.7 7.9 
| ee: GAAP (fa: (| Sr 73.8 23.0 3.2 2.9 0.3 
II. 50% Se, hare eae 24.0 8.2 2.9 4.8 0.5 
III. 60% 3° 128.8 26.8 4.8 2.6 0.3 
IV. 67% cl 168.8 34.2 4.9 0.3 0.3 
V. 75% oe 392.5 73.5 5.3 0.6 0.6 
VI. 88% es 63.1 9.6 6.6 2.5 2.5 




















* The approximate amount of reducing sugar, expressed in micrograms present 
in the 0.1 cc. of solution tested, inhibiting isoagglutination. 


Tase III 
Action of Pepsin and Trypsin on Alcohol Fractions of Normal Meconium 





Blood group activity* 




















Sample Enzyme treatment RS 
A B 
I. 46% alcohol None 3.2 2.9 0.3 
Pepsin 3.89 13 13 
Trypsin 3.64 11 1 
Pepsin and trypsin 3.87 11 11 
Il. 0% * None 2.9 4.8 0.5 
Pepsin 4.37 16 16 
Trypsin 3.89 2 18 
Pepsin and trypsin 3.2T 10 10 
III. 60% “ None 4.8 2.6 0.3 
Pepsin 5.54 11 11 
Trypsin 5.13 11 11 
Pepsin and trypsin 6.16 10 10 
iV61%. © None 4.9 0.3 0.3 
Pepsin 6.13 15 15 
Trypsin 5.22 1.5 15 
Pepsin and trypsin 6.57 13 13 
Ve Ta% * None 5.3 1.6 0.6 
Pepsin 6.99 3 30 
Trypsin 6.62 3 31 
Pepsin and trypsin 7.76 27 27 
VI. 88% ‘ None 6.6 2.5 2.5 
Pepsin 7.92 9 9 
Trypsin 7.76 11 110 
Pepsin and trypsin 7.96 64 64 





* The approximate amount of reducing sugar, expressed in micrograms present 
in the 0.1 cc. of solution tested, inhibiting isoagglutination. 
+ The reducing sugar determination was questionable because of the high salt 


concentration. 
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to determine whether a substance with a constant ratio of reducing sugar | 


to nitrogen could be obtained. 
For the peptic digestions, a sample of the fraction was placed in a solu- 


TaBLe IV 
Chemical Study of Meconium 





















































vel ol.8)/812l/aalurelres geet oy 
Sample Blood type* 3 a3 Ba 8 3 Rs. |RSS | WN 
alm |e | 2] 2 A |B 
per | per | per | per | per 
cent | cent | cent | cent | cent 
Fet. meconium A-S. 25.6)14.1| 4.2) 6.6 0.55 | 0.16 | 3.88 | 0.08 
Kel. ef - 30.2}16.1) 4.5) 6.5 0.53 | 0.15 | 4.65 | 0.6 
Wei. “ ee 29.0)17.0} 4.3) 5.9 0.59 | 0.15 | 4.92 | 0.7 
McD. “8 es 30.7|18.7| 5.3] 7.2 0.61 | 0.17 | 4.26 | 0.06 
«Sevag as 37 .3/23.2| 7.7) 6.6] 8.2) 0.62 | 0.21 | 5.65 | 0.01) 
Tho. meconium 31.5)18.3] 5.0] 6.8 0.58 | 0.16 | 4.63 | 0.05 
“Sevag of 36 .0/23.0 5.7 0.64 6.32 | 1.0 
Bon. meconium B-S. 26.2/15.5) 3.6] 6.8 0.59 | 0.14 | 3.85 0.7 
“Sevag " 37.0/22.0} 6.0) 6.7| 6.6] 0.59 | 0.16 | 5.52 0.01 
Spr. meconium ee 26.7|15.1) 5.2) 5.9 0.57 | 0.20 | 4.53 Oe 
“Sevag 36.0/23.0 6.4 0.64 5.62 0.1 
Hug. meconium B-s. 28.6/16.3) 3.0) 6.2 0.57 | 0.11 | 4.61 
“ Sevag ss 36.0)22.4 6.4 0.62 5.62 
Wil. meconium AB-S. |81.4/17.2) 5.4] 6.4 0.55 | 0.17 | 4.91 160 {60 
Wri. " ee 27.4)16.3) 5.9] 6.1 0.59 | 0.21 | 4.49 |73 7.3 
«Sevag e 41.6)24.8) 8.4] 6.2] 7.4) 0.60 | 0.21 | 6.71 0.2 
All. meconium O 30.5]19.7| 3.4) 7.3 0.65 | 0.11 | 4.18 
« Sevag 34.0/24.5 6.3 0.72 5.40 
Wer. meconium ee 27 .6|16.9) 3.2) 5.9 0.61 | 0.12 | 4.68 
“Sevag is 40.0/23.0) 5.2] 6.7) 7.5) 0.57 | 0.13 | 5.97 
Calf meconium 12.0} 6.8] 1.0) 6.2 0.57 | 0.08 | 1.93 
“Sevag 36.6|22.8] 4.6} 5.4) 8.0) 0.62 | 0.13 | 6.78 
Dog meconium 5.6) 4.1] 1.4) 9.7 0.73 | 0.19 | 0.58 
“Sevag 14.1) 9.8 7.8 0.70 1.81 





*S. means that blood group substance was secreted in the saliva; s., that no 
blood group substance was secreted in the saliva. 

t On the dry weight basis. 

t The approximate amount of material inhibiting isoagglutination, expressed in 
micrograms in 0.1 cc. of solution tested. 


tion of 0.01 n hydrochloric acid and treated with about 190 7 of crystalline 
pepsin. The mixture was incubated at 38°, with a layer of toluene as a 
preservative. After 96 hours another 190 y of pepsin were added. After 
another 124 hours, 5 volumes of absolute ethanol and several drops of 
sodium acetate solution were added. The precipitate was separated by 
centrifugation and redissolved in water. Any water-insoluble material 
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was discarded, and the material again precipitated by ethanol. The pre- 
cipitate was separated and redissolved in water. Aliquots of this solution 
were analyzed for reducing sugar, nitrogen, and blood group activity. 

For the tryptic digestions, a sample of the fraction was placed in 0.1 m 
phosphate buffer, pH 7.6, and treated with about 240 y of crystalline 
trypsin. The mixture was incubated at 38°, with a layer of toluene as a 
preservative. After 96 hours another 240 y of trypsin were added. The 
rest of the digestion was carried out as described under the peptic diges- 
tions, except that a little hydrochloric acid was used to adjust the pH for 
precipitation, rather than sodium acetate. 

Samples of materials, after previous treatment with pepsin, were di- 
gested with trypsin as described above. The results of these experiments 
are shown in Table III. 

Study of Individual Meconiums—Some of the samples of crude meconium 
collected from individual infants were purified according to the method of 
Sevag (8). An aqueous suspension of the meconium was brought to pH 
4.8 by the addition of sodium acetate and acetic acid and was shaken re- 
peatedly with 0.25 volume of a 10:1 mixture of carbon tetrachloride and 
amyl alcohol. After four to eight extractions, the material present in the 
supernatant was precipitated with 6 volumes of absolute ethanol and dried 
in vacuo. The chemical composition of the crude meconium and of the 
purified material was then compared, as shown in Table IV. 


DISCUSSION 


The treatment of meconium with the Somogyi reagents gave a product 
from which a large portion of the color had been removed. The material 
was subjected to acid hydrolysis. A graph of the values for reducing sugar 


| plotted against the hours of hydrolysis gave a smooth curve. The plot of 


the logarithms of the reducing sugar values against hours of hydrolysis 
yielded a virtually straight line, which would indicate a pseudo first order 
reaction, consistent with the view that the linkages were all of one type. 

The following results indicated that one was dealing with blood group- 
specific polysaccharides: (a) the presence of a large amount of reducing 
sugar which was mostly non-fermentable; (b) negative tests for pentoses, 
uronic acids, or sulfate; and (c) positive tests for hexosamine, methylpen- 
tose, and acetyl groups. That a large amount of active material was 
present was confirmed by isoagglutination-inhibition tests. 

With the Sevag purification procedure the reducing sugar, amino sugar, 
methylpentose, and acetyl contents rose with the amount of purification, 
thus indicating that the carbohydrate in meconium was largely an essen- 
tial part of the purest fraction. A considerable amount of nitrogen, prob- 
ably in the form of breakdown products, was removed. This purification 
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greatly increased the blood group activity per unit weight, although the 
impure fractions still contained some activity. Sevag III was the most 
active preparation of blood group substance. This fraction contained 
about 50 per cent of the reducing sugar of the original meconium. 

The precipitate, which separated with 15 per cent ethanol in the Morgan 
purification procedure, had the highest ratio of reducing sugar to nitrogen 
and the highest amino sugar content, but the yield of this fraction was less 
than 10 per cent of the original material. This fraction corresponded to 
the best fraction reported by Morgan and King (7). There was evidence 
of fractionation in this procedure between the blood group A and B activity 
in the pooled meconium, the group B activity tending to associate with the 
most insoluble fraction, Morgan I. 

The Sevag and Morgan methods of purification were employed because 
they avoided the use of alkali and mineral acid and could be used at ordi- 
nary temperatures. 

The materials purified from meconium by these methods appeared to be 
very potent, in fact more so than the products described by Morgan, but 
little importance should be given to differences observed in different labor- 
atories because of the nature of the serologic procedure. 

A comparison with the substance purified by Morgan and his coworkers 
(9) from a human pseudomucinous ovarian cyst indicated that the purest 
fractions we obtained still contained extraneous nitrogen. Since purifi- 
cation increased the percentage of carbohydrate and raised the reducing 
sugar to nitrogen ratio, it would be expected that further purification would 
raise the carbohydrate content and its ratio to nitrogen still further. How- 
ever, it is possible that the blood group substances occurring in meconium 
differ somewhat from those of other sources. 

Alcohol fractionation of normal meconium yielded several definite frac- 
tions, each possessing blood group activity and having a characteristic 
carbohydrate to nitrogen ratio. The action of pepsin and trypsin in- 
creased the carbohydrate to nitrogen ratio, but in no case was there any 
indication that digestion would produce a common, single component. 

From the analyses on the crude and purified preparations of individual 
meconiums, it may be seen that the various samples of meconium all con- 
tained approximately the same amount of reducing sugar, amino sugar, 
methylpentose, and nitrogen, and that no indication of gross differences in 
the composition of the meconiums containing blood group substances of 
the different types could be seen. 

Sevag purification increased the percentage of the reducing sugar, amino 
sugar, and methylpentose. The reducing sugar to nitrogen ratio rose 
upon purification. 

The methylpentose to reducing sugar ratio gave some indication that it 
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might be characteristic of each blood type. The ratio for meconiums of 
blood groups A and B was about the same, and that for meconiums of types 
0 and B non-secretor lower. The difference between the material of group 
0 and the others persisted after purification. However, the significance 
of these differences remains doubtful in view of the small number of samples 
studied. 

Although the calf meconium appeared to have somewhat less carbohy- 
drate, the composition of the purified material was very similar to that of 
human meconium. The dog meconium had a very low carbohydrate con- 
tent, even after Sevag purification. The fact that the specimen was col- 
lected from the entire intestine, rather than from the colon and rectum 
alone, may have been responsible for the difference. These results indicate 
that the occurrence of mucopolysaccharides in meconium is not restricted 


| to humans. 


In order to confirm the results of the chemical determinations of the 
carbohydrate portion, paper chromatography was carried out on the Sevag 
purifications of the Bon., Hug., McD., Wer., Wri., and calf blood group 
substances, by the method of Partridge (10). The presence of galactose, 
hexosamine, and fucose was confirmed. There was no indication for the 
presence of glucose or mannose. The chromatogram prepared with butyl 
alcohol gave a spot for an unknown reducing substance with an Ry value 
of 0.04, but no attempt was made to characterize this substance further. 
No differences were demonstrated between the blood group substances of 
different types of activity. 

A chemical comparison of blood group-specific substances in meconium 
with those from other sources indicated that the reducing sugar and hex- 
dsamine values were somewhat lower in meconium. Since they were in- 
creased by partial purification, it would be expected that further purifica- 
tion would increase these values further. The methylpentose values were 
considerably lower than those reported by other workers for blood group 
substances obtained from other human sources and were more similar to the 
values found in substances obtained from animal sources. 

The presence of blood group-specific substances in such large amounts in 
fairly pure form in human meconium opens the way to further study and 
ducidation of the structure and activity of these materials, in addition to 
making available a large source of material for neutralizing the agglutinins 
in pooled plasma or blood. 


SUMMARY 


1. Samples of normal meconium were purified by treatment with bar- 
ium hydroxide and zine sulfate, the Sevag reagents, and the Morgan 
phenol method, giving products with potent blood group activity com- 
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parable chemically to blood group-specific substances obtained from other 
sources. 

2. An alcohol fractionation of normal meconium yielded definite frac- 
tions at alcohol concentrations of 46, 50, 60, 67, 75, and 83 per cent alco- 
hol, each of which had a characteristic ratio of reducing sugar to nitrogen 
and contained blood group-specific activity. The ratio rose as the alcohol 
concentration increased. 

3. Peptic and tryptic digestions of the alcohol fractions of normal me- 
conium indicated that these enzymes would not produce a common end- 
product in all of the fractions, but each fraction had retained blood group- 
specific activity and possessed a characteristic reducing sugar to nitrogen 
ratio which rose as the alcohol concentration increased and was slightly 
higher than that of the undigested materials. 

4. The blood group-specific materials present in meconium were found 
to contain a large amount of reducing sugar which consisted of galactose, 
a hexosamine, and the methylpentose, fucose. 

5. The ratio of methylpentose to reducing sugar of meconiums with 
blood group A and B activity was similar, while the ratios of meconium of 
type O and the B non-secretor meconium were lower. 

6. A sample of calf meconium was very similar chemically to the human 
meconiums after Sevag purification. 

7. A sample of dog meconium had the same constituents but contained 
more nitrogen even after Sevag purification, owing possibly to the method 
of collection. 
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THE UTILIZATION OF BUTYRIC ACID FOR THE SYNTHESIS 
OF CHOLESTEROL AND FATTY ACIDS* 


By IRVING ZABIN{ anp KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 


(Received for publication, March 2, 1951) 


It has previously been found in this laboratory that in the biological 
synthesis of cholesterol the terminal methyl carbons of isovaleric acid are 
much more efficient carbon sources than the carboxyl carbons of the same 
compound and are also more effective sterol precursors than the carbon 
atoms of acetic acid (1). One explanation offered for these findings was 
that isovalerate is broken down to two types of C2 units and that one of 
these is more active in sterol synthesis than the other. In order to test 
this interpretation and to determine whether a similar result would be 
obtained with a straight chain fatty acid, the conversion of butyric acid 
to various metabolic products was studied. The test substance was doubly 
labeled butyrate, prepared by mixing butyrate-1-C™ and butyrate-3-C™. 
Isotope concentrations were determined in acetoacetate formed in rat liver 


slices, and in cholesterol and the fatty acids isolated from rats which had 
been fed labeled butyrate. 


RESULTS AND DISCUSSION 


The results of an experiment in which the ketone bodies were obtained 
from rat liver slices after incubation with doubly labeled butyrate are 
given in Table I. The C® distribution found in acetoacetate shows that 
the carboxyl carbon atom of butyrate is converted to the carboxyl carbon 
and to a smaller extent to the carbonyl carbon of the 8-keto acid. The 





field, 305 


6 (1950). 


weabiaa 


ratio of the C concentrations in the two locations (Table I, Column 2) 
was 0.43, a value which closely agrees with that found by Medes et al. (2) 
in a similar experiment with butyrate-1-C". The appearance of C™ in 
the carboxyl and carbony] positions of acetoacetate demonstrates that the 
moiety of butyrate which contains the B-carbon atom can likewise serve as 
acarbon source for both the acetyl and the acetate portion of acetoacetate. 
However, in this case the isotope concentrations are appreciably greater 
in the carbonyl position. On the assumption that the two carbon isotopes 

* Aided by grants from the Life Insurance Medical Research Fund and from Swift 
and Company. 

+ Present address, Department of Physiological Chemistry, School of Medicine, 
University of California, Los Angeles. 
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indicate the fate of the 2 C2 units which are the initial products of butyrate 
breakdown, it must be concluded that the recombination of the C» frag- 
ments is not a random process. The present results with butyrate are 
very similar to those obtained by Crandall et al. (3), who found that ¢-1- 
labeled octanoic acid gave rise to acetoacetate in which the carbony] car- 
bon contained 3 times the isotope concentration of that in the carboxyl 
carbon. These authors attributed this result to the formation of two 
types of C. fragments in the course of fatty acid oxidation. It appears 
therefore that the 2 terminal carbon atoms of both butyric acid and oc- 
tanoic acid are preferentially converted to the acetyl moiety of acetoace- 


TaBLe [| 


Distribution of Isotope in Acetoacetate Formed from Butyrate-1-C'8,3-C™, Containing 
24.20 Atom Per Cent Excess C'* in C-1 and 9.6 X 104 C.p.m. in C-3 











cs cu 
Acetoacetate Relative Relative 
Found isotope Found isotope con- 
concentration* centration* 
atom per cent excess c.p.m. 
co 4.74 19.6 6.3 X 10! 65.6 
COOH 11.08 45.8 1.8 X 10! 18.8 
CO:COOH 0.48 3.5 
CO + COOH 65.4 84.4 














Atom % excess C® in CO or COOH 


* = 


Atom % excess C in C-1 of butyrate 





c.p.m. C“ in CO or COOH 
c.p.m. C" in C-3 of butyrate 





tate, while the C, fragments derived from the remainder of the chain are 
the major source of the carboxyl portion of the keto acid. 

In the present experiments the substrate contained two different carbon 
isotopes, and therefore the yield of acetoacetate from the two moieties of 
butyrate could be measured directly. Since the sum of the relative iso- 
tope concentrations is 84.4 for C“ but only 65.4 for C (Table I), the 
terminal fragment of butyrate must have furnished a larger portion of the 
total acetoacetate carbons than did the fragment comprising carbon atoms 
1 and 2 of the fatty acid. Some acetoacetate must also have been formed 
from endogenous sources, since the sum of the isotope concentrations in 
acetoacetate is smaller than in the precursor. The greater dilution of the 
carboxyl carbon of acetoacetate indicates that the endogenous precursot 
was preferentially converted to this portion of the keto acid. 








Whe 
synthe 
tivity 
variou: 
C8 we 
of 1.35 
to indi 
bon at 
tent tc 
boxyl « 
vitro. 
tion tk 
carbon 
C. unit 
lated o 
from. |, 
In tl 
zation 
nounce 
contrik 
carbon 
the for 
synthe 
explain 
ent dat 
bea 1 
The 
ceived 
ratio W 
C4: Ck 
sors, in 
extent 
portior 
Lorber 
found 1 
than t' 
isotope 
exper ir 
acid sy 
(7) the 
they b 
early s 











< 100. 


I. ZABIN AND K. BLOCH 263 


When butyrate was tested as a source of two carbon precursors in the 


-\synthesis of cholesterol and of fatty acids, similar differences in the reac- 


tivity of the split-products were observed. In cholesterol isolated from 


-|yarious organs of the rat after feeding of doubly labeled butyrate, C and 
sar- \(8 were present in ratios varying from 1.0 to 1.8, with an average value 


of 1.35, for six different samples. A C'*:C" ratio greater than 1.0 is taken 
to indicate that the terminal fragment of butyrate contributes more car- 
bon atoms than the carboxyl fragment for cholesterol synthesis. The ex- 


-|tent to which the 6-carbon of butyrate was used in preference to the car- 
- |boxyl carbon was approximately the same as in acetoacetate formation in 





vitro. This similarity of the isotope ratios is consistent with the assump- 
tion that acetoacetate is an intermediate in the utilization of butyrate 
carbon for sterol synthesis. The formation of a 4-carbon compound from 
(, units in the course of cholesterol formation has previously been postu- 
lated on the basis of the isotope distribution observed in cholesterol formed 
from labeled acetate (4). 

In the case of isovaleric acid-4 ,4’-C, 1-C**, the differences in the utili- 
zation of the two labeled portions of the molecule were much more pro- 
nounced. Thus the terminal methyl carbons of the branched fatty acid 
contributed 5 times as much isotope to cholesterol as did the carboxyl 
carbon (1). Although the results obtained with butyric acid demonstrate 
the formation of Cz units, one of which is more readily utilized in sterol 
synthesis than the other, these differences would seem to be too small to 
explain the behavior of isovaleric acid on the same basis. Thus the pres- 
eat data are in accord with the earlier conclusion that butyric acid cannot 
be a major intermediate in the metabolism of isovalerate (5). 

The saturated fatty acids isolated from the same animals which had re- 
teived doubly labeled butyrate contained the two carbon isotopes in a 





n are|!atio which was consistently smaller than 1.0. The average value for the 


0*:C8 ratio from seven different samples was 0.83. Fatty acid precur- 


irbon (srs, in contrast to those of cholesterol, are therefore furnished to a smaller 
ies of extent by the 2 terminal carbon atoms of butyrate than by the carboxyl 
e jso-|portion. It is of interest in this connection that, in the experiments of 
), the|Lorber et al. (6), the carboxyl portion of octanoic acid-1-C*,7-C“ was 
of the| {ound to give rise to significantly higher isotope concentrations in glycogen 
itoms|than the terminal C, unit of the fatty acid. The values found for the 
yrmed isotope ratios in acetoacetate, cholesterol, and the fatty acids in the present 
yns in}¢xperiment render it unlikely that acetoacetate is an intermediate in fatty 
of the|scid synthesis. The findings corroborate the view previously expressed 


curso 


1|\7) that the mechanisms of fatty acid and cholesterol synthesis, although 
they both utilize acetate as the ultimate carbon sources, diverge at an 
arly stage. 
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CHOLESTEROL AND FATTY ACID SYNTHESIS 


EXPERIMENTAL 


Butyric Acid-1-C* ,3-C“—Ethanol-1-C™“ was converted into ethyl bro| 
mide with HBr, and ethyl bromide-1-C" was allowed to react with maloni 
ester (8). Hydrolysis of the product and azeotropic distillation of the 
resulting acid with benzene and toluene (9) yielded butyric acid-3-C" 


TaBLeE II 


Isotope Concentrations in Cholesterol and Fatty Acids of Rats Fed Butyric Acid 
Containing 24.20 Atom Per Cent Excess in C-1 and C-2 and 9.6 X 104 C.p.m. C" 














in C-8 and C-4 
cu cis 
yon — Compound isolated Relative Relative | Ratios C™:(C# 
‘ Found | Goce. | Found | Some 
tration* tration* 
days c.p.m. Borie onl 

2 1 | Cholesterol 
Liver 370 0.39 | 0.094 0.39 1.0 
Small intestine 540 0.56 0.075 0.31 1.8 

Saturated fatty acids 

Liver 1200 1.25 0.48 1.98 0.6 
Small intestine 240 0.25 0.074 0.31 0.8 

3 2 | Cholesterol 
Liver 1100 1.15 0.21 0.87 1.3 
Small intestine 860 0.90 0.18 0.74 12 
Internal organs 705 0.73 0.13 0.54 1.4 
Skin 330 0.34 0.06 0.25 1.4 

Saturated fatty acids 

Liver 2200 2.29 0.61 2.52 0.9 
Small intestine 970 1.01 0.29 1.20 0.8 
Internal organs 860 0.90 | 0.25 1.03 0.9 
Skin 680 0.71 0.19 0.79 0.9 
Carcass 590 0.61 0.165 0.68 0.9 























, __C.p.m. in compound isolated ” 


C.p.m. in C-3 and C-4 of butyrate 





atom % excess C¥ in compound isolated 





atom % excess C® in C-1 and C-2 of butyrate 


yield, 51 per cent, based on ethanol-1-C™. Butyric acid-1-C" was pre- 
pared by heating under a reflux n-propyl iodide and KC"N with n-pro- 
panol as the solvent. The resulting propyleyanide was hydrolyzed with 
alkali, and the reaction mixture was acidified and heated under a reflux 
with mercuric sulfate to destroy contaminating formic acid. 1-C"-Butyric 
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acid was obtained from the solution by steam distillation. The yield was 
75 per cent of theory. The isotope concentrations of the mixed butyric 
acids are given in Tables I and II. 

Acetoacetate Formation—Slices were cut by hand from livers of male rats 


.) of the Sprague-Dawley strain weighing 100 gm. In each flask 1.5 gm. of 


slices were incubated for 3 hours in oxygen at 37° with 8 mg. of butyric 
acid-1-C8 ,3-C, dissolved in 20 ml. of Krebs phosphate buffer, pH 7.4. 
The contents of four flasks were combined for the isolation of the ketone 
bodies. The respiratory CO, was removed, and in one aliquot acetoacetate 


_| was decarboxylated with aniline citrate (10) to determine the isotope con- 


tent of the carboxyl carbon atom of acetoacetate. Acetone was precipi- 
tated from the remaining portion with mercuric sulfate by the method of 
Van Slyke (11). 

Feeding Experiments—Rats of the Sprague-Dawley strain weighing about 
200 gm. were given 1 mm per 100 gm. of rat weight per day of the doubly 
labeled butyrate with 12 gm. of a fat-free diet (1). Liver fatty acids and 
cholesterol were isolated according to standard procedures. 

Isotope Analyses—All isolated compounds were converted to CO: in a 
micro combustion apparatus at 900°, except for the mercury-acetone com- 
plex which was burned by the wet combustion method of Van Slyke and 
Folch (12). All isotope analyses were carried out in duplicate. The C¥ 


values are expressed as counts per minute of infinitely thick samples of 
BaCO; of constant area. 


SUMMARY 


1. The formation of acetoacetate in rat liver slices, and of cholesterol 
and of fatty acids in the intact animal, has been studied with butyric 
acid-1-C8 ,3-C¥. 

2. The ratios of the two carbon isotopes in the metabolic products were 
significantly different from 1.0. This result shows that the breakdown of 
butyrate yields fragments of different reactivity. 

3. The possibility that acetoacetate is an intermediate in the synthesis 
of cholesterol is discussed. 


BIBLIOGRAPHY 


1, Zabin, I., and Bloch, K., J. Biol. Chem., 185, 131 (1950). 

2. Medes, G., Weinhouse, S., and Floyd, N. F., J. Biol. Chem., 157, 35 (1945). 

3. Crandall, D. I., Brady, R. O., and Gurin, S., J. Biol. Chem., 181, 845 (1949). 
4. Little, H. N., and Bloch, K., J. Biol. Chem., 188, 33 (1950). 

5. Zabin, I., and Bloch, K., J. Biol. Chem., 185, 117 (1950). 

6. Lorber, V., Cook, M., and Meyer, J., J. Biol. Chem., 181, 475 (1949). 

7. Bloch, K., Cold Spring Harbor Symposia Quant. Biol., 18, 29 (1948). 


Weis 





266 CHOLESTEROL AND FATTY ACID SYNTHESIS } 


8. Bischoff, C. A., Ber. chem. Ges., 28, 2622 (1895). 

9. Schicktanz, 8S. T., Steeles, W. I., and Blaisdell, A. C., Ind. and Eng. Chem., Anal. ST 
Ed., 12, 320 (1940). 

10. Buchanan, J. M., Sakami, W., and Gurin, S., J. Biol. Chem., 169, 411 (1947), 

11. Van Slyke, D. D., J. Biol. Chem., 32, 455 (1917). 

12. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 136, 509 (1940). 


Pr 
have 
at th 
inter 
tate 
to b 
stan 
ment 
mole 

In 
4,4’. 
been 
pare 
chole 
cour’ 
whic 











XUM 


inal. 


947), 











STUDIES ON THE UTILIZATION OF ISOVALERIC ACID IN 
CHOLESTEROL SYNTHESIS* 


By IRVING ZABINt anp KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 


(Received for publication, March 2, 1951) 


Previous studies in this laboratory with isovaleric acid-4,4’-C',1-C™ 
have led to the conclusion that this branched chain fatty acid can be cleaved 
at the tertiary carbon atom to yield a 3-carbon unit and a C2 fragment as 
intermediary products (1). While the C, unit was found to resemble ace- 
tate in its metabolic reactions, the isopropyl portion of isovalerate proved 
to be a much more efficient carbon source for cholesterol than any sub- 
stance previously tested. It was, however, not clear from these experi- 
ments whether isovalerate served as a specific precursor for the sterol 
molecule. 

In the present investigation the incorporation of carbon from isovalerate- 
4,4’-C¥,1-C™ into cholesterol and some of its degradation products has 
been studied. In addition, isovaleric acid-4,4’-C™,3-C™“ has been pre- 
pared and tested as a carbon source for acetyl groups, fatty acids, and 
cholesterol. Evidence for the fixation of carbon dioxide in vivo in the 
course of isovalerate metabolism has been obtained from an experiment in 
which non-isotopic isovalerate and CaCO; were fed to rats. 


EXPERIMENTAL 


Isotopic Compounds—The synthesis of isovaleric acid-4,4’-C™ ,1-C™ has 
been described previously (1). Isovalerate-4 ,4’-C'* ,3-C' was prepared by 
mixing isovalerate-4,4’-C and isovalerate-3-C“%. The latter compound 
was obtained from the condensation product of acetone-2-C™ and ethyl 
cyanoacetate. The isotope concentrations in the test substances are given 
in Tables I and II. 

CaC“O;—CO, was released from BaC“O; by addition of HCl and was 
trapped in a slight excess of sodium hydroxide. Somewhat more than the 
calculated amount of calcium chloride was added and the precipitate of 
CaC“O3 was repeatedly washed with water. 

Feeding Experiments—In the experiment in Table I, rats of the Sprague- 

* Aided by grants from the Life Insurance Medical Research Fund and from Swift 
and Company. 

+ Present address, Department of Physiological Chemistry, School of Medicine, 
University of California, Los Angeles. 
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Dawley strain weighing about 200 gm. received isovaleric acid-4 ,4’-C, 1- 


C*, containing 18.9 atom per cent excess C, specific activity 1.7 X 10°} 


c.p.m. of C“, mixed with 12 gm. of a fat-free diet (1). Rat 1 was given 
2 mo of the labeled compound for 1 day; Rat 2, 1 mm per day for 2 days; 
and Rat 3, 0.25 mm per day for 8 days. The heads were discarded, and 
the carcasses of all three rats and the internal organs (except for the livers) 
of Rats 1 and 2 were pooled for isolation of cholesterol. 

In the experiment in Table II, two rats of the same strain and weight 
were fed the same stock diet containing in addition 0.5 mm of isovalerate- 
4 ,4’-C8 ,3-C™ per 100 gm. of rat weight per day, and 100 mg. of L-y-phenyl- 
a-aminobutyric acid per day for 3 days. For the isolation of the various 
compounds the organs and urines of the two animals were pooled.’ 

In the experiment in Table III, each of two 200 gm. male Sprague- 
Dawley rats was given 50 mg. of L-y-phenyl-a-aminobutyric acid and 100 
mg. of CaC“O; mixed with 12 gm. of stock diet, per day for a period of 2 
days. The diets of one of these rats contained in addition 1 mm of non- 
isotopic sodium isovalerate. 

Isolation and Degradation Procedures—Acety1-L-y-phenyl-a-aminobutyric 
acid, cholesterol, and fatty acids were isolated as described (2, 3). Cho- 
lesteryl chloride, prepared from 0.56 gm. of cholesterol isolated in Experi- 
ment 1, was degraded by thermolysis to the nuclear hydrocarbon CyyH» 
and a mixture of isooctane and isooctene (4). The residue which remained 
after thermolysis was distilled at 1 mm. of Hg. The fraction distilling at 
230-240° represents the hydrocarbon CygHzo. A portion of this hydro- 
carbon was oxidized with chromic acid (5) and the resulting acetic acid 
was isolated as the silver salt. This acetic acid is derived from the two 
angular methyl carbons and from the ring carbons 10 and 17 of cholesterol. 

Isotope Analyses—All isolated compounds were converted to COs: in a 
micro combustion apparatus at 900°. The isotope analyses were carried 
out as previously described (6). The C™ values are expressed as counts 
per minute of infinitely thick samples of BaCOs; of constant area. 


RESULTS AND DISCUSSION 


The terminal methyl] carbons of isovalerate which are labeled by C™ are 
incorporated into the nuclear hydrocarbon and into the isoocty] side chain 
of cholesterol to nearly the same extent, a result similar to that obtained 
with methyl-labeled acetate (5) (Table I). If the isopropyl group had 
served as a specific carbon source for the branched portions of the sterol, 
the C® concentrations should have been higher in the isooctyl moiety than 
in the nucleus, because 3 out of 8 carbon atoms in the side chain, but only 
2 out of 19 carbon atoms in the polynuclear moiety, are branched carbon 
atoms. The acetic acid which obtains on oxidative degradation of the 
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hydrocarbon CigH3o and which is derived from the angular methyl carbon 
atoms Cis and Cig and ring carbons Cy» and Cy, also contained C" at a level 
not exceeding that of the total molecule or of the two products of thermoly- 
sis. On the same basis, the C™ concentrations of these angular methyl 
groups should also have been considerably higher. The results actually 
obtained offer no evidence to indicate that the isopropyl carbons of iso- 
valerate are used as precursors for specific positions or portions of the 
sterol skeleton, but rather suggest that the isotope distribution is uniform 
as in cholesterol formed from labeled acetic acid. 

In cholesterol derived from isovalerate-1-C", the relative isotope dis- 
tribution in the degradation products closely resembles that observed in 
cholesterol formed from acetate-1-C". It is reasonable to assume that the 


TaBLeE I 


Incorporation of Labeled Isovaleric and Acetic Acids into Cholesterol and 
Degradation Products 


Data for C8 expressed as atom per cent excess C!3; for C4 as counts per minute. 

















Acetic | 
Precursor Cholesterol Noceus a a. | G 2 

of nucleus* | 
(1) (2) (3) (4) (5) (6) 
Isovaleric acid-4,4’-C3........ 0.136 0.124 0.136 0.141 | 0.91 | 1.14 
Acetic acid-2-C™f......,.....| 71 76 74 76 1.03 | 1.00 
Isovaleric acid-1-C'4.......... 320 350 270 165 1.30 | 0.47 
Acetic acid-1-C“f............ | 93 98 72 64 1.36 | 0.65 














* Carbon atoms 10, 18, 17, and 19 of cholesterol. 
+ Data taken from Little and Bloch (5). 


fragment derived from the carboxyl group of isovalerate enters into choles- 
terol synthesis by way of acetate or a metabolically active C. unit. 

The utilization of the isopropyl group of isovalerate cannot be explained 
on the basis of a preliminary conversion to acetate because this grouping, 
when tested under comparable conditions, is several times as efficient a 
carbon source for cholesterol as is acetate or the carboxyl fragment of 
isovalerate (1). A more direct conversion of the isopropyl moiety is there- 
fore indicated. On the other hand, the evidence that cholesterol can be 
derived from acetate as the sole carbon source (5) makes it unlikely that 
isovalerate is an independent precursor. These findings are not contra- 
dictory if it is assumed that the pathways from acetate and isovalerate to 
cholesterol lead to a common intermediate, and that in the formation of 
this intermediate labeled carbon from isovalerate is not as extensively 
diluted by endogenous metabolites as is labeled acetate. 

When isovalerate-4,4’-C™ ,3-C™ was fed to rats (Table II), the acetyl 
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groups of the excreted acetylamino acid contained C™ and C" in a ratio of 
about 2:1. This result shows that the acetyl precursor was derived from 
an intermediate which contained 2 methyl carbons (C-4 and C-4’) for 
every tertiary carbon atom (C-3) of isovalerate. A direct conversion of 
the isopropyl group to a C2 unit would yield a C:C" ratio of 1 and must 
therefore be excluded. On the other hand the observed ratio strongly 


TaB_e II 
Isotope Concentrations in N-Acetyl, Cholesterol, and Fatty Acids of Rats 
Fed Isovalerate 
Isovalerate contains 54.5 atom per cent excess C!3 in C-4 and C-4’ and 10.2 X 104 
c.p.m. of Cin C-8. Rats fed 0.5 mm per 100 gm. of rat weight per day of labeled 
compound for 3 days. 























cu cs 
Compound isolated Relative Relative Ratios, C3: C! 
Found | ‘toe | Found | isotope 
tration* tration* 
atom ; 
c.p.m. per cent | 
excess | 
Acetyl groupt 765 0.75 0.79 1.45 | 1.93 
Cholesterol | | 
Liver 240 0.24 | 0.22 0.40 1.67 
Small intestine 565 0.55 0.55 1.01 1.84 
Saturated fatty acids 
Liver 135 0.13 0.19 0.35 2.69 
Small intestine 205 | 0.20 0.24 0.44 2.20 
Unsaturated fatty acids | 
Liver 80 0.08 0.10 0.18 | 2.25 
Small intestine 120 0.12 0.14 0.26 2A7 














C.p.m. or atom % excess in compound isolated 
‘ meg X 100. 
C.p.m. or atom % excess in labeled atoms of compound fed 





+ Acetylphenylamino butyric acid was isolated and analyzed. The values found 
were multiplied by 6 


suggests that a C, compound is formed by addition of a C,; unit to the 
isopropyl group and that subsequent splitting of this intermediate yields 
2 Cz units for acetylation. In studying the formation of ketone bodies in 
isolated liver, Coon has obtained evidence for the condensation of carbon 
dioxide with a 3-carbon intermediate derived from leucine and isovalerate 
to yield acetoacetate (7). The present findings provide independent sup- 
port for the view expressed by both laboratories that the breakdown of 
isovalerate involves the formation of a 3-carbon intermediate and of a C2 
unit which can be independently transformed into acetoacetate (6, 7). 
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The results also substantiate the earlier conclusion that a demethylation 
of isovalerate to a 4-carbon compound is not a major pathway. 

The two carbon isotopes from isovalerate-4 ,4’-C’ ,3-C are incorporated 
into cholesterol and into fatty acids in a ratio which is close to 2, and there- 
fore in the synthesis of these lipides as well the intact isopropyl group 
appears to be utilized. The C:C* ratio is slightly greater than 2 in the 
fatty acids and somewhat smaller than 2 in cholesterol. Since only a 
small number of samples were analyzed, it is not certain that these differ- 
ences are significant. As in previous experiments with isovalerate (1), the 
relative isotope concentrations were appreciably higher in cholesterol than 
in the fatty acids, a relation which is the reverse of that found with either 


TaB.eE III 


Isotope Concentrations in N-Acetyl, Liver Cholesterol, and Liver Saturated Fatty Acids 
of Rats Fed Calcium Carbonate with and without Sodium Isovalerate 


Each rat was fed 100 mg. of CaC"0;, specific activity 5 X 10° c.p.m. of C", per 
day for 2 days. 








Compound isolated No isovalerate 1 mw isovalerate per day 
C.p.m. c.p.m. 
ACGEYIIBPOUDS® | own cena esse 615 880 
Liver cholesterol... ...........5..200. 59 292 
‘saturated fatty acids........... 125 295 








* Acetylphenylaminobutyric acid was isolated and analyzed. The value found 
was multiplied by 6. 


acetate or isovalerate-1-C'. This finding again points to a more direct 
utilization of the 3-carbon split-product in sterol synthesis. 

The observation of Coon which indicates CO, fixation in the course of 
ketone body formation from isovalerate in vitro (7) raised the possibility 
that carbon dioxide could be incorporated into various cell constituents 
by a mechanism different from that involving intermediates of the citric 
acid cycle. The effect of isovaleric acid on CQ, fixation in vivo was there- 
fore tested. Rats were given CaCO; in their diets, and one of the animals 
received in addition non-isotopic sodium isovalerate. Carbon from C"-car- 
bonate is incorporated to some extent into acetyl groups, cholesterol, and 
fatty acids (Table III). In the presence of isovalerate the quantities 
fixed are markedly increased. The increase is about 40 per cent in the 
acetyl groups, 2.5-fold in the fatty acids, and 5-fold in the cholesterol. 
These results are entirely consistent with the assumption that isovaleric 
acid and COs interact to form a 4-carbon compound, which is subsequently 
utilized in the formation of acetyl groups and in lipide synthesis. Plaut 
and Lardy (8) have pointed out that the carboxylation of acetone provides 
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a mechanism for the conversion of CO, to the carboxyl group of acetate 
and that this reaction would explain the appearance of isotopic carbon in 
the carboxyl group of higher fatty acids in rats fed C*-carbonate (9). 
The present data provide more direct evidence that in the intact animal 
one of the mechanisms for CO, fixation involves a C3; + C, condensation, 
which takes place in the course of the breakdown of leucine and isovaleric 
acid. Previous evidence obtained in this laboratory (1) suggests that the 
3-carbon intermediate is not identical with acetone. 

The metabolism of isovaleric acid and its relation to lipide synthesis, 
as it appears on the basis of available information, are illustrated in the 
accompanying diagram. 


CH; | Fatty acids 
CH CH,COOH — C2 — Acetate 
cH, | 
C (?) 


\ 


C {+ CO2. — CH;COCH:COOH 





Cholesterol 


According to this scheme, the isopropyl group of isovaleric acid enters 
into cholesterol synthesis by way of acetoacetate. The keto acid can be 
utilized directly, and therefore labeled carbon from the isopropyl group 
will be less diluted than acetate or substrates which enter sterol synthesis 
after mixing with the acetate ‘‘pool.” The postulation of acetoacetate as 
an intermediate provides for the fact that isopropyl-labeled isovalerate 
affords the same distribution of isotopic carbon in cholesterol as labeled 
acetate, even though isovalerate carbon is incorporated at a much higher 
level. On the other hand the isotope concentrations found in the higher 
fatty acids after isovalerate feeding do not exceed the values observed 
after administration of acetate and it appears therefore that acetoacetate 
is split prior to the recondensation of C. units. Both the present results 
with isovaleric acid and those with butyric acid reported in the preceding 
paper (10) are in accord with the conclusion that acetoacetate is an inter- 
mediate in cholesterol synthesis but is not an obligatory stage in fatty 
acid formation. 


SUMMARY 


1. Cholestero} isolated after the feeding of isovalerate-4 ,4’-C™ ,1-C to 
rats was found to have the same isotope distribution in the products of 
partial degradation as cholesterol derived from acetate. 
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2. All carbon atoms of the isopropyl group of isovalerate were found to 
be utilized in the formation of acetyl groups, fatty acids, and cholesterol. 

3. The incorporation of carbon into acetyl groups, fatty acids, and par- 
ticularly cholesterol after the feeding of C'-calcium carbonate is greatly 
increased in the presence of isovalerate. 

4. It is suggested that acetoacetate or a similar 4-carbon compound is 
formed in vivo from the isopropyl group of isovaleric acid by a C3 + Ci 
condensation and that this 4-carbon compound is the intermediate in the 
synthesis of cholesterol from isovalerate. 
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It was shown in previous work that purified testicular (1) and pneu- 
mococcal hyaluronidases (2) open only the N-acetylglucosaminidic link- 
ages of hyaluronic acid, leaving the glucuronidic linkages intact. Neither 
enzyme, contrary to our older concepts (3), led to the formation of mono- 
saccharides. The end-product of the hydrolysis of hyaluronate by puri- 
fied testicular hyaluronidases appears to be a mixture of di- and tetrasac- 
charides. (This end-product, isolated by alcohol fractionation of the in- 
cubation mixture, will be referred to in this paper as Digest I.) Crude 
testicular extracts have been shown to contain, besides hyaluronidase, an 
N-acetylglucosaminidase (4) and an enzyme which does give rise to mono- 
saccharides from hyaluronic acid, as demonstrated by the Tiselius adsorp- 
tion analysis (5). The nature of this enzyme has not been established. 

Application of a recently developed flow column analysis to the products 
of the action of crude testicular extract on Digest I has led to confirmation 
of the observation of Hahn (5) that monosaccharides are formed by a crude 
extract. The presence of monosaccharides was further confirmed by ap- 
plication of paper chromatography and colorimetric analysis of the column 
eluates. The enzyme catalyzing the hydrolysis appears to be a 6-glucu- 
ronidase. This is concluded from a comparison of the hydrolysis of Di- 
gest I by 6-glucuronidase preparations from liver and testis with their hy- 
drolysis of a number of 6-glucuronides. High 8-glucuronidase activity was 
first demonstrated in aqueous testicular extracts by Oshima (6). 


EXPERIMENTAL 


The crude testicular enzyme was prepared by extraction of ground bull 
testis with 0.1 N acetic acid; the extract was centrifuged, chilled to 4°, 
neutralized to pH 6.8, and (NH,)2SO, was added to 0.4 saturation. The 
precipitate was removed by filtration, dissolved in water, and dialyzed; 
the insoluble material was removed and the supernatant solution dried 
from the frozen state. The turbidimetric hyaluronidase activity of this 
fraction was only 11 turbidity reducing units per mg. 


* This research has been supported by the Helen Hay Whitney Foundation. 
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The crude liver enzyme was prepared from rabbit liver according to 
Fishman and Talalay (7). The final solution was dried from the frozen 
state. Tested turbidimetrically, the preparation was inactive against hy- 
aluronate in the concentration of 1.0 mg. per ml. 

The purified liver enzyme was prepared from beef liver by dioxane 
fractionation as described by Sarkar and Sumner (8). 

The determination of reducing sugar, the colorimetric procedures for 
N-acetylglucosamine and for uronic acid, as well as the adsorption on 
charcoal and fractional elution with water, aqueous alcohol, and aqueous 
pyridine, have been described previously (1). 

Digest I was obtained by incubation for 31 hours at 38° of Na hyaluron- 
ate of umbilical cord (10 mg. per ml.) in 0.1 m acetate buffer, pH 5.0, con- 
taining 0.15 m NaCl, with purified testicular hyaluronidase (0.5 mg. per 
ml., 400 turbidity reducing units per mg.). The reducing sugar (glucose 
equivalent) formed was equal to 3.25 mg. per ml. To the mixture, 2 
volumes of 95 per cent ethanol were added, and the small precipitate de- 
posited on chilling was centrifuged. The supernatant solution was con- 
centrated to one-tenth the original aqueous volume in vacuo in a bath at 
40° and filtered. 2 volumes of water were added and then absolute ethanol 
to a concentration of 80 per cent. The oily residue hardened on treat- 
ment with 95 per cent ethanol to give an amorphous, colorless solid which 
was filtered, washed with 95 per cent ethanol, absolute ethanol, and ether, 
and then dried over P.O; in vacuo. From 5.05 gm. of Na hyaluronate, 


3.83 gm. of product (Digest I) were obtained, which gave the following , 


analysis in per cent: N 2.84, hexosamine 33.6, uronic acid (CO2) 40.8, 
sulfate 1.9; [a]** = —42°. 
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Digest II represents a comparable unfractionated incubation mixture of | 


purified testicular hyaluronidase and sodium hyaluronate. The experi- 
mental results obtained with Digests I and II are indistinguishable. 
Production of Monosaccharides from Digests I and II—The production of 
monosaccharides was shown chromatographically in two experiments. In 
one, 100 mg. of Digest II were incubated at 37° for 24 hours with 20 mg. 
of the crude testicular enzyme in 10 ml. of 0.1 m acetate buffer containing 
0.15 m sodium chloride, pH 5.0, with toluene as a preservative. A chro- 
matographic column was prepared by pouring a suspension of 2 gm. of 
Darco G-60 and 1 gm. of Celite No. 503 in water into a tube measuring 
200 X 18 mm. The adsorbent was thoroughly washed with water, and, 
while still covered with a small layer of water, the 10 ml. of incubation 
mixture were added. The eluting solvents were water, 5 per cent aqueous 
ethanol, 15 per cent aqueous ethanol, and aqueous pyridine of 0.1, 0.5, 1.0, 
1.5, and 2.0 per cent concentration. The effluent solutions were collected 
in 10 ml. fractions (1). In the other experiment, 50 mg. of Digest I were 
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-to | incubated with 10 mg. of the crude liver enzyme in a volume of 5 ml., un- 
zen | der conditions identical with those above. The incubation mixture was 
hy- | then chromatographed as described. 

The chromatograms of the two experiments are illustrated in Fig. 1. 
ane | The presence of monosaccharides is apparent, since such fractions are 
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e of | Fia. 1. Flow column analysis of the 24 hour hydrolysate obtained by the action 
peri- | of crude testicular fraction and crude liver glucuronidase on the end-product of 
| hyaluronic acid hydrolysis by testicular hyaluronidase (Digests I and II). Solid 

n of line, 100 mg. of Digest II incubated with 20 mg. of crude testicular fraction in 10 
tn ml. of 0.1 m acetate buffer, pH 5.0, containing 0.15 mM NaCl. Dotted line, 50 mg. of 
Digest I incubated with 10 mg. of crude liver glucuronidase in 5 ml. of the same 


mg. buffer. 


nin 

ree eluted with water and 5 per cent ethanol. With this method it has been 
1. of | found that glucuronic acid appears predominantly in the water eluate, 
iring while all the N-acetylglucosamine is eluted with 5 per cent ethanol. More 
and, complex compounds are eluted from the column with 15 per cent ethanol 
ition and aqueous pyridine solution (1). In the first peak, the presence solely 
eous Of glucuronic acid is indicated by comparing the reducing equivalent of 
1.0, the eluate with the uronic acid value determined colorimetrically (9). 
.eted The second peak corresponds to N-acetylglucosamine, as indicated by the 
were ratio of the reducing equivalent to the colorimetrically determined (1) N- 
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acetylglucosamine value. The color reaction for N-acetylglucosamine was 
negative in Peak I and the uronic acid test was negative in Peak II. The 
15 per cent ethanol and aqueous pyridine fractions correspond to more 
complex molecular units, composed of both uronic acid and acetylglucosa- 
mine and consisting of material not completely hydrolyzed by the enzyme 
mixtures employed in the experiments reported here. This fraction is 
approximately 60 per cent by weight. Tubes 2 and 3 (Peak I) and Tubes 
12 and 13 (Peak IT) of the experiments with Digest II were each evaporated 
in vacuo to 2 ml. The solutions were analyzed by paper chromatography, 
as shown in Fig. 2. 








A _ 

Hl oOo 6 
0. () 

O 


Fig. 2. Paper chromatogram of concentrates of Peaks I and II, Fig. 1. A, Peak 
I (Rr 0.26) ~100 y of substance; B, glucuronic acid (Rr 0.27) + glucuronolactone 
(Ry 0.45) ~100 y; C, N-acetylglucosamine (R, 0.35) ~100 y; D, Peak II (Rr 0.34) 
~100 y of substance. Whatman No.1 paper. Butanol-acetic acid-water (38:12:50), 
developed for 24 hours in an upward direction. Acetylglucosamine color developed 
with Ehrlich’s reagent (10); glucuronic acid color developed with benzidine (11), 


The chromatographic analysis and the paper chromatogram indicate the 
presence of glucuronic acid and acetylglucosamine. These monosacchar- 
ides are also indicated by the analysis of the concentrates of Peaks I and 
II. In the Peak I concentrate the uronic acid content was 5.78 and the 
reducing sugar 5.04 mg. per ml., giving a ratio of reducing sugar to uronic 
acid of 0.87 (calculated ratio based on uronic acid content is 0.98 for the 
lactone and 0.89 for the acid). [a]*4 was 23° + 3° (reported for lactone 
+18.6°, for acid +36.0° (12)). In the Peak II concentrate, the acetyl- 
glucosamine content was 3.98 and the reducing sugar 3.19 mg. per ml., 
giving a reducing sugar to acetylglucosamine ratio of 0.80 (calculated ratio 
based on acetylglucosamine content, 0.66). [a]? was +45° + 2° (reported 
+41°, +43° (13, 14)). The reducing power of the acetylglucosamine 
fraction is higher than the theoretical value. This may be due to experi- 
mental error. 
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ras Crude Testicular Fraction and B-Glucuronidase Activity—It is apparent 
he from the chromatographic experiment in Fig. 1 that crude testicular ex- 
re tract and extract of liver free of hyaluronidase both hydrolyze an oligosac- 
3a- charide fraction, obtained on hydrolysis of hyaluronate by purified hyalu- 
me ronidase, in an identical manner. The §-glucuronidase activity of the crude 

is liver preparation used in this experiment was 250 phenolphthalein units 
ES 
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Fia. 3 Fia. 4 
eak Fig. 3. Hydrolysis of Digest I by liver glucuronidase and crude testicular frac- 
one tion. A, purified liver enzyme, 500 phenolphthalein units per ml. (0.076 mg. per 
.34) ml.); ©, crude liver enzyme, 500 phenolphthalein units per ml. (2.0 mg. per ml.); 
50), @, crude testicular fraction, 500 phenolphthalein units per ml. (1.8 mg. per ml.). 
ped Substrate (Digest I) concentration, 10 mg. per ml. in 0.1 m acetate buffer, pH 5.0, 
). containing 0.15 m NaCl. 

Fig. 4. Hydrolysis of 8-hydroxyquinoline glucuronide by liver glucuronidase and 
the crude testicular fraction. A, purified liver enzyme, 250 phenolphthalein units per 
ar- ml. (0.038 mg. per ml.); O, crude liver enzyme, 250 phenolphthalein units per ml. 
snd (1.0 mg. per ml.); @, crude testicular fraction, 280 phenolphthalein units per ml. 
the (1.0 mg. per ml.). Substrate concentration, 5.0 mg. per ml. in 0.1 m acetate buffer, 

Z pH 5.0, containing 0.15 m NaCl. 

nic 

the (15) per mg. The crude testicular enzyme was then examined for 6-glu- 

one curonidase activity and found to contain 280 phenolphthalein units. The 

tyl- highly purified liver 8-glucuronidase employed in the following experi- 

nl., ments contained 6600 phenolphthalein units per mg. The three enzymes 

atio were employed at equal activity concentrations (based on phenolphthalein 

ted glucuronide hydrolysis). 

ine It can be seen from Fig. 3 that Digest I is hydrolyzed by the three 

eri- enzymes at very similar rates. The §-glucuronidase activity of the testic- 
ular and liver enzymes was also compared by using the 6-glucuronides of 
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8-hydroxyquinoline (16), borneol (17), and menthol (Sigma Chemical Com- 
pany). In Fig. 4, the course of the hydrolysis of 8-hydroxyquinoline 
glucuronide by the three enzymes is shown. 

The hydrolysis of borneol and menthol glucuronides by purified liver 
glucuronidase and by crude testicular enzyme also proceeded at identical 
rates. 

In these experiments the 6-glucuronidase activity of the three enzymes 
parallels their action on the oligosaccharide fraction obtained from hyal- 
uronate; the hydrolysis of the latter, therefore, appears to be due to a £- 
glucuronidase. 


DISCUSSION 


The optical rotation of the oligosaccharides produced from hyaluronate 
by testicular and pneumococcal hyaluronidases is negative, indicating that 
the glucuronidic linkage is of 6 configuration. In order to obtain mono- 
saccharides this 6-glucuronidic linkage must be hydrolyzed, and the evi- 
dence presented strongly indicates that this action is effected by a 6-glu- 
curonidase in the crude testicular fraction. When §-glucuronidase is 
absent (as evidenced from the failure to hydrolyze known §-glucuronides, as 
in purified testicular and crude pneumococcal hyaluronidase), no monosac- 
charides are obtained in the hydrolysis of hyaluronate. Furthermore, on 
purification of the liver extracts, the 6-glucuronidase activity as measured 
by hydrolysis of known 6-glucuronides parallels the hydrolysis of the oligo- 
saccharide fraction obtained from hyaluronate. 

Neither the crude testicular enzyme nor the liver enzymes hydrolyzed 
the end-product, which we assume to be a 8-glucuronido-N-acetylglucosa- 
mine, obtained by hydrolysis of hyaluronate by pneumococcal enzyme, nor 
did they attack the crystalline 8-glucuronido-6-galactose (18) obtained 
from gum arabic (19). The 6-glucuronidases do not attack hyaluronic acid. 
The specificity of the glucuronidases with respect to the carbohydrates is 
at present not known. The large residue (60 per cent of the total) not 
hydrolyzed under the conditions of the experiments reported here by tes- 
ticular hyaluronidase or by 6-glucuronidase greatly decreases on further 
addition of the latter, indicating that in the previous experiments destruc- 
tion or inhibition of the enzymes had occurred. 

The ease with which 6-glucuronidase is separated chemically from hy- 
aluronidase may indicate that 6-glucuronidase is not derived from sperm 
cells, which contain and probably produce the hyaluronidase. It seems 
unlikely that the hydrolysis of oligosaccharides observed in these studies 
occurs in the animal body, since the breakdown of hyaluronic acid under 
physiological conditions involves only the opening of a few glucosaminidic 
bonds. The rdle of 8-glucuronidase (for a recent discussion, see Artz and 
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om- | Osman (20)) in our opinion is explained by the hypothesis that the enzyme 
line | assures the conversion of water-soluble lipide glucuronides, especially those 
of steroid nature, into the physiologically active aglycones. In this con- 
iver | cept the hydrolysis of the oligosaccharides by 6-glucuronidase appears inci- 
‘ical | dental. 


mes We wish to acknowledge the valuable assistance of Miss Doris Anne 
yal- | Hall, Miss Jean McLean, and Miss Lucy F. Siegel in these studies. We 
2 8- | are also indebted to Dr. Bernard Weissmann for the preparation of the 
highly purified liver B-glucuronidase and to Dr. Michael Heidelberger for 
the sample of crystalline 6-glucuronido-4-galactose. 


1ate SUMMARY 


that Crude testicular extracts produce glucuronic acid and N-acetylglucosa- 
yno- | mine from the oligosaccharides resulting from the hydrolysis of hyaluron- 
evi- | ate by purified testicular hyaluronidase. The same results are obtained 
glu- | with 6-glucuronidase prepared from liver. The correlation of 8-glucuroni- 
> is | dase activity of testicular and liver preparations as measured with known 
s,as | 6-glucuronides with their action on the oligosaccharides indicates the iden- 
sac- | tity of the enzyme attacking the latter with 6-glucuronidase. 
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Enzymes which hydrolyze hyaluronic acid occur in many species of 
microorganisms, including various types of pneumococci. It was noted 
early that the action of pneumococcal hyaluronidase differed in several 
respects from that of the testicular enzyme. Thus, comparison of pneu- 
mococcal and testicular enzyme preparations of equal activity by vis- 
cosimetric or turbidimetric assay showed the pneumococcal enzyme to 
liberate reducing sugar from the substrate much more rapidly than the 
testicular preparation, and, further, the total quantity of reducing sugar 
liberated on completion of the reaction was much greater. This differ- 
ence was explained by assuming the existence of two enzymes, both of 
which were presumed to be present in preparations of both pneumococcal 
and testicular hyaluronidase, although in different proportions: one a de- 
polymerase acting on the high molecular compounds, and the other an 
enzyme breaking the smaller fragments into monosaccharide units. The 
conclusion that monosaccharides were produced was mainly based on the 
assumption, now known to be erroneous, that the reducing power of the 
N-acetylglucosamine group liberated was the same as that of N-acetylated 
d-glucosamine. The hydrolytic action of purified testicular hyaluronidase 
on hyaluronic acid was observed to be practically complete when 50 per 
cent of the theoretical reducing sugar (calculated from the reducing power 
of the constituent monosaccharides) was liberated, 7.e. when a disaccharide 
had presumably been formed, while the hydrolysis with pneumococcal 
enzyme approached 100 per cent of this calculated reducing sugar value. 

The chromatographic technique previously applied to the products 
formed on hydrolysis of hyaluronate with purified and crude testicular 
enzyme preparations has now been applied to the hydrolysate obtained 
with pneumococcal enzyme. The results show that no monosaccharides 
are formed. The properties of the end-product are consistent with the 
hypothesis that it is a disaccharide composed of 1 residue of glucuronic 
acid and 1 of N-acetylglucosamine, with the free reducing group in the 
latter. Pneumococcal hyaluronidase is shown to attack the substrate only 








| * This work was supported by the Helen Hay Whitney Foundation. 
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by breaking the N-acetylglucosaminidic linkages, an action which is the 
same as that of purified testicular enzyme. The differences between the 
actions of the enzymes are best explained by the assumption that pneu- 
mococcal hyaluronidase is capable of splitting all such linkages which 
occur in the substrate, while the testicular enzyme can hydrolyze only 
half of them. 


EXPERIMENTAL 


Pneumococcal Hyaluronidase—Pneumococcus type II strain D39R, used 
in former studies, was grown for 6 hours as described earlier (1).1_ The 
organisms obtained by centrifugation of 50 liters of broth were suspended 
in approximately 10 times their volume of 0.9 per cent NaCl, covered with 
a 2 cm. layer of toluene, and autolyzed at 37° for 16 hours. The toluene 
was then removed, and the suspension diluted with an equal volume of 
water and centrifuged at 5000 r.p.m. in an angle head centrifuge. To the 
opalescent solution, ammonium sulfate was added to 0.8 saturation. After 
standing at 4° for 24 hours, the precipitate was collected by centrifugation, 
dissolved in a small volume of water, and dialyzed at 4° against distilled 
water until free of sulfate; a small insoluble fraction was then removed by 
centrifugation at 12,000 r.p.m. and the slightly opalescent supernatant 
solution was dried from the frozen state. The yield was 573 mg., assaying 
110 turbidity reducing units (t.r.u.) per mg. 
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Testicular Hyaluronidase—This preparation was the same as that em- 
ployed in a previous study (2) and assayed 800 t.r.u. per mg. 

Substrate—The sodium hyaluronate employed was derived from umbili- 
cal cord and is the same preparation that was used in the previous study, 
where its analysis is presented (2). 

The flow column technique, with Darco G-60 as adsorbent, as well as 
the analytical methods employed for determination of reducing sugar, 
uronic acid, acetylglucosamine, and glucosamine have been described (2). 

A comparison of the rate and extent of hydrolysis of hyaluronic acid by 
testicular and pneumococcal enzymes is presented in Fig. 1. The very 
rapid liberation of reducing groups effected with the pneumococcal enzyme 
as contrasted with the slow reaction with the testicular enzyme is even 


more striking when it is noted that the concentration of testicular hyaluron- | 


idase in turbidity reducing units is twice that of the pneumococcal enzyme 
in this experiment. The formation of reducing sugar by pneumococcal 


hyaluronidase is generally about 60 per cent greater than that by the | 


testicular enzyme on completion of the respective reactions. It can also 
be seen from Fig. 1 that when the pneumococcal enzyme is added to the 


1 We are greatly indebted to Dr. Gladys L. Hobby of Chas. Pfizer and Company, | 


Inc., for growing and collecting the organisms. 
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24 hour incubation mixture of hyaluronate with testicular hyaluronidase 
a further liberation of reducing groups occurs from the breakdown prod- 
ucts at a somewhat slower rate than, but to an extent similar to, that 


















pe produced by the pneumococcal enzyme acting on intact hyaluronate. Ad- 
°™'Y | dition of more testicular enzyme at this point does not lead to appreciable 
y 
increases in reducing sugar, confirming earlier studies (3). This hydrolysis 
by pneumococcal enzyme preparations is also observed with isolated prod- 
wail ucts of the action of the testicular enzyme on hyaluronate. 
Th It should be noted that the reaction with the bacterial enzyme is com- 
© | pleted in 6 hours, while that with the testicular enzyme is still incomplete 
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Fie. 1. Hydrolysis of hyaluronic acid by testicular hyaluronidase (O), 0.25 mg. 
I] ag | Pe ml. (200 t.r.u. per ml.), and pneumococcal hyaluronidase (@), 1.0 mg. per ml. 
eott (110 t.r.u. per ml.). Substrate (sodium hyaluronate) concentration, 10 mg. per ml. 
Ws | of 0.1 m acetate buffer containing 0.15 m NaCl, pH 5.0, 37°. 
(2). 
id by | after 24 hours. The time required for complete hydrolysis with pneu- 
very | mococcal enzyme is about 6 hours whether the substrate is hyaluronic 
zyme | acid or its testicular enzyme breakdown products. 
even Flow column analysis was performed on 10 ml. samples of enzyme- 





iron- | Substrate incubation mixtures containing 10 mg. of sodium hyaluronate 
zyme | and 1 mg. of pneumococcal enzyme per ml. The incubation was carried 
oceal | out at 37° in 0.1 m acetate buffer, pH 5.0, containing 0.15 m NaCl, with 
- the | toluene as a preservative. Samples representing 1, 13, and 6 hours in- 
also cubation time were studied, with the results shown in Fig. 2. 
> the The results presented in Fig. 2 permit three main observations to be 
made. The first is that no monosaccharides have been liberated, since 
these would have appeared in the water and 5 per cent ethanol eluates 
| (2,4). The second is that the end-product of the pneumococcal enzyme 
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action can be completely eluted from the carbon column by 15 per cent 
ethanol. The breakdown products in the 6 hour hydrolysate are all to 
be found in this fraction; this is in marked contrast to the end-product 
of testicular enzyme action, which requires aqueous pyridine for elution 
(only an insignificant quantity (3 per cent) appears in the 15 per cent 
ethanol fraction of the 24 hour incubation mixture (2)). The third ob- 
servation is that the analysis of the 1 hour hydrolysate (representing 30 
per cent completion of the hydrolytic reaction, based on the increase in 
reducing sugar) shows only 28 per cent of the reducing sugar formed to 
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Fig. 2. Flow column analysis of hyaluronate hydrolysates obtained with pneu- 
mococcal enzyme. Curve 1, 1 hour hydrolysate; Curve 2, 14 hour hydrolysate; 
Curve 3, 6 hour hydrolysate. Order of eluting solvents, water, 5 per cent ethanol, 
15 per cent ethanol, 0.1, 0.5, 1.0, 2.0, and 5.0 per cent aqueous pyridine. Other 
details as in the text. 


be in the end-product fraction. This is equivalent to only 8 per cent of 
the total weight of material (as determined from the uronic acid values 


of the fractions). The 1} hour hydrolysate (48 per cent completion of ; 


the reaction) shows 47 per cent of the reducing sugar in this end-product 
(15 per cent ethanol) fraction, equivalent to 21 per cent of the total weight 
of material. It is clear, therefore, that the action of the enzyme cannot 
be one of successively splitting off a small (disaccharide) molecule from 
the ends of the polysaccharide chains. 


In the study of the action of purified testicular enzyme on hyaluronate 7 


by chromatographic examination of the hydrolysis products, it was found 
that the technique employed was capable of achieving some fractionation 


of these products as a function of their molecular weights (2). It was| 


further found (by plotting the ratio of the values for acetylglucosamine and 
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uronic acid against the ratio of the values for reducing sugar and uronic 
acid) that the ratio of acetylglucosamine to reducing sugar for 86 frac- 
tions, ranging over at least a 10-fold difference in average molecular weight 
(as represented by the reducing sugar to uronic acid ratio), was constant 
(2). In Fig. 3 is presented a similar treatment of the results of these 
three analyses performed on 54 fractions collected with various solvents 
from the different hydrolysates obtained with the pneumococcal enzyme. 
As can be seen, the points closely fit a straight line, indicating that all 
reducing products of the pneumococcal enzyme action on hyaluronic acid 
have the same ratio of acetylglucosamine (equivalent) to reducing sugar 
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Fia. 3. Scatter diagram showing the ratio of acetylglucosamine equivalent to 
uronic acid, plotted as a function of molecular weight (i.e. the ratio of reducing 
sugar equivalent to uronic acid) for 54 fractions obtained as column eluates. 


(as glucose) regardless of their size. This constancy shows that there is 
only one grouping which is responsible for both reactions; that is, that the 
opening of the glucosidic bond which liberates the aldehydic function of 
the acetylglucosamine residue is responsible for all the increase in reducing 
power. The liberation of a reducing group of a different type would pro- 
duce a substance with distinctly different chemical properties, and it might 
be expected that such a substance would appear at least somewhat con- 
centrated in one of the fractions. A point representing the analyses of 
such a fraction would appear well below the line in the scatter diagram. 
Since no such observation was made, it is reasonable to conclude that the 
pneumococcal enzyme action is limited to hydrolysis of the N-acetylglu- 
cosaminidic bond. 

For the particular analytical methods employed, the value of this ratio 
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of acetylglucosamine to reducing sugar is 1.85 (the slope of the line in 
Fig. 3) for the pneumococcal enzyme product, while it is 1.42 for the tes. 
ticular enzyme product. 

In two separate experiments the 15 per cent ethanol eluates of a hy- 
drolysate obtained after 6 hours of incubation were concentrated in vacuo 
at a temperature of 40° to about 2 ml. and precipitated with alcohol and 
ether. A small precipitate obtained on addition of 3 volumes of absolute 
ethanol was removed by centrifugation, and an excess of ether was added 
to the supernatant solution. On standing in the ice box for 24 hours, a 
colorless, amorphous precipitate was obtained which was collected by cen- 
trifugation, washed with ether, and dried over P.O; in vacuo. The yield 
was about 50 per cent. Analysis of the material obtained in these two 


TaBLeE I 


Analysis of Isolated End-Product of Action of Pneumococcal Hyaluronidase on Sodium 
Hyaluronate (18 Per Cent Ethanol Eluate) 

















2 2 | | 3 iat 
iN ae “a fe} | ‘als 3 ‘3 
S| S| | ge | Se | fe | ek 
| @ 8 z 3 | 3 | ae | gfe | els 
Preparation No.| w | 3 E g fl24 | 312 | @ 2 | Ble Pa 
| 4 ce) g | | 2s g m1 5 g 
| & Fy gs | 3 | ag | 32 | Ze | 2 
||| | slg | gP | gP | eP 
4 < o | 5 | zim | | 2 
| | | | eae a ee | ie 
| per | per per | per | | mg. per | mg. per | mg. per | mg. per 
| cent cent cent | cent | degrees mg. | * A | mg. - i 
| | | | | 
1 | 58.5 109 46.0 | 46.1 | —19 | 1.87 | 1.27 | 2.37 | 1.00* 
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* Calculated for equimolar proportions, 0.92. 


experiments is shown in Table I. It can be seen that the pneumococcal 
enzyme end-product is composed of equimolar proportions of hexosamine 
and uronic acid. The molar ratio of acetylglucosamine (equivalent) to 
uronic acid, however, is 2.1, indicating that the color yield from this group 
in the reaction employed for acetylglucosamine is double that obtained 
from synthetic acetylglucosamine. The excessive color formation of the 
hydrolysis products of pneumococcal enzyme has been noted previously 
with other colorimetric methods (3). 

The ratios of acetylglucosamine to reducing sugar of 1.87 and 1.77 agree } 
well with the value of 1.85 obtained from the slope of the line in Fig. 3. | 

Paper chromatograms of the 15 per cent ethanol eluate developed with 
butanol-acetic acid-water (38:12:50) revealed material when sprayed with 
Ehrlich’s reagent (5) which moved as a single spot with an Ry of 0.30. 
N-Acetylglucosamine run simultaneously had an Rr of 0.33, while a product | 
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I) in a similar experiment each appeared as two spots, indicating that 
some secondary change had occurred. The newly occurring spot had an 
Rr of 0.20. 

Another indication that a secondary change had occurred during isola- 
tion was that the value of the ratio of reducing sugar to uronic acid of 
the isolated product (1.36) was lower than that for the corresponding 
eluate (1.56). This latter behavior was not observed with hydrolysis prod- 
ucts of the testicular enzyme. 

Hahn has already pointed out that the reducing sugar values of testicular 
enzyme products are anomalous with respect to that of N-acetylgluco- 
samine (6). Thus, the values obtained for testicular products with the 
Hagedorn-Jensen method were much higher than those with the Macleod- 
Robison (7) procedure (hypoiodite), while the agreement was excellent 
with N-acetylglucosamine. We have found further that the anomaly ex- 
tends to pneumococcus products but in the opposite sense; namely, the 
values with the hypoiodite method are much larger than those with ferri- 
cyanide. Inasmuch as the structural basis for this behavior is unknown, 
interpretations based on reducing sugar values per se cannot be made. 


DISCUSSION 


It has already been clearly demonstrated that, for a given physicochemi- 
cal change in substrate, the pneumococcal enzyme produces more reducing 
sugar than testicular hyaluronidase and that the extent of reducing sugar 
formation by the former is 50 to 70 per cent larger when the hydrolytic 
reaction is complete. The data reported in this paper present greater 
details of the difference between pneumococcal and testicular enzymes as 
pertains to their modes of action. 

The more extensive formation of reducing sugar takes place whether 
the enzyme acts on hyaluronate itself or on the end-product formed from 
hyaluronate by the action of testicular enzyme, and the rate of the reaction 
with intact hyaluronate is more rapid than the rate with the breakdown 
product (Fig. 1). 

The difference in mechanisms of action is most clearly apparent from 
the properties of the products obtained with pneumococcal and testicular 
enzymes, especially the value of the acetylglucosamine to reducing sugar 
ratio. This latter quantity represents a fundamental property of the prod- 
uct regardless of molecular weight. The value of this ratio for the pneu- 
mococcal enzyme product is 1.85, while for the testicular enzyme product 
it is 1.42. The basis for this difference is not clear. However, a rea- 
sonable interpretation would appear to be that there are 2 similar but 


r hya-) not equivalent acetylglucosaminidic residues in the hyaluronate molecule. 


(Table 


The bond formed by only 1 of these is opened by the testicular enzyme, 
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while the pneumococcal enzyme hydrolyzes both. This working hypothe-| by 

sis is consistent with the properties of the end-products of the action of the| is ¢ 
two enzymes and the extent of reducing sugar formation already mentioned. | end 
The simplest assumption is that the testicular enzyme end-product is pre-| eac 
dominantly a tetrasaccharide, while the pneumococcal enzyme breaks the! val 
substrate down to disaccharides. The action of the pneumococcal enzyme | all 

on the testicular enzyme end-product would then consist of the hydrolysis | mo 
of the internal glucosaminidic bond present in the tetrasaccharide. The| to 

pneumococcal end-product is eluted with 15 per cent ethanol from the} san 
carbon column and moves on a paper chromatogram; the testicular product | mor 
requires aqueous pyridine for elution and is almost stationary on the paper.| exp 
This chromatographic behavior gives support to the hypothesis. If this} hye 
concept is a correct one, the basic repeating unit of hyaluronic acid is a! pro 
tetrasaccharide with alternating acetylglucosamine and glucuronic acid of | 
residues. | ayn 

As a consequence of this interpretation, the end-product of pneumococ- | isol 
cal enzyme action would be expected to consist of an equimolar mixture | 
of two similar but not identical disaccharides. Our methods of separation 
are still not sufficiently refined to resolve such a mixture, but this ap-| |. 5 
proach will be explored further. 

Evidence has been presented that the testicular enzyme attacks hyal- 
uronate at a centrally located acetylglucosaminidic bond (2, 8). A similar 
mechanism must also apply to the action of the pneumococcal enzyme. 
According to the present hypothesis, however, the latter makes no selec- 
tion between the two types of acetylglucosaminidic bonds, since the acetyl- 
glucosamine to reducing sugar ratio is the same for high and low molecular 
weight fractions and since all of these bonds are split. 

In contrast to testicular hyaluronidase the rate of hydrolysis by pneu- 
mococcal enzyme falls off but little. Other bacterial hyaluronidases, es- 
pecially streptococcal enzyme, show a similar behavior. This difference 
may be explained by a decreasing affinity of the testicular enzyme for 
substrates of lower molecular weight, while the bacterial enzyme-substrate 
affinity is relatively independent of the size of the substrate molecules. 
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It is a pleasure to acknowledge the very valuable assistance of Miss | 
Jean McLean, Miss Doris Anne Hall, and Miss Lucy F. Siegel in these 
studies. 


SUMMARY 


The hydrolysis of hyaluronate by pneumococcal hyaluronidase (from | 
a type II strain) has been studied and compared with that by testicular | 
‘enzyme. The products of pneumococcal enzyme action were examined | 
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by flow column analysis and shown not to contain monosaccharides, which 
is contrary to what had been formerly assumed. The properties of the 
end-product support the view that it is a disaccharide containing 1 mole 
each of N-acetylglucosamine and glucuronic acid. The constancy of the 
value of the ratio of acetylglucosamine (equivalent) to reducing sugar for 
all products of pneumococcal enzyme action (covering a wide range of 
molecular weights) indicates that the enzyme acts in a manner similar 
to that of testicular hyaluronidase by hydrolyzing only N-acetylgluco- 
saminidic bonds. The difference between the value of this ratio for pneu- 
mococcal products (1.85) and that for testicular products (1.42) may be 
explained by the presence of two types of acetylglucosaminidic bonds in 
hyaluronic acid. This working hypothesis is consistent with the observed 
properties of the isolated end-products, with the difference in the extent 
of hyaluronate hydrolysis obtained with testicular and pneumococcal en- 


, zymes, and with the fact that the pneumococcal enzyme further hydrolyzes 
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FREE AMINO ACIDS IN PLASMA AND MUSCLE FOLLOWING 
TOTAL REMOVAL OF THE LIVER* 


By EUNICE V. FLOCK, FRANK C. MANN, ann JESSE L. BOLLMAN 


(From the Division of Experimental Medicine, Mayo Foundation, 
Rochester, Minnesota) 


(Received for publication, March 30, 1951) 


In 1924 and 1926 Bollman, Mann, and Magath showed that when the 
liver is removed the formation of urea ceases (1) and the concentration 
of free amino acids gradually increases in the plasma, tissues, and urine 
of the dog (1, 2). Techniques are now available for the determination 
of the individual amino acids which might be involved. By means of 
microbiologic or chemical techniques Svec (3) has found that five amino 
acids, tryptophan, lysine, glutamic acid, alanine, and glycine, increase in 
the plasma of the dog after hepatectomy, while two, methionine and his- 
tidine, decrease. By means of paper chromatography we have found an 
increase in the same five amino acids studied by Svec and also in ten 
additional amino acids or derivatives in the plasma of the dehepatized 
dog. We have also noted some changes in the concentration of amino 
acids in muscle, but in general these changes in muscle were much less 
distinct than in the plasma when studied with this technique. 


EXPERIMENTAL 


Studies were made of eleven dogs, weighing from 12 to 20 kilos, which 
were dehepatized by the three-stage technique of Bollman, Mann, and 
Magath (1). The dogs recovered from the ether anesthesia and were up 
and about during most or all of the period studied. They were given 
procaine penicillin in oil and were maintained by continuous intravenous 
injection of a solution of glucose at the rate of from 0.1 to 0.3 gm. per 
kilo per hour. Samples of blood and of muscle from the adductor group 
were removed at the time of hepatectomy. At the end of the experiment, 
17 to 31 hours after hepatectomy, blood was taken and the contralateral 
muscle was removed for analysis. 

Studies were also made of three control dogs which were treated as 
nearly as possible like the dehepatized dogs except that total hepatectomy 
was not performed. Samples of blood and muscle and a lobe of liver 
were removed. Each control dog was then given a continuous injection 
of a solution of glucose at the same rate and for the same period of time 


*Read at the meeting of the American Chemical Society, Chicago, September 


3-8, 1950. 
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as the dehepatized dogs, at the end of which time final samples of blood 
and muscle were also taken. 

The plasma was separated by centrifugation, and the protein was re- 
moved by dialysis in Visking cellulose sausage casing immersed in 2 vol- 
umes of water. The muscles were frozen immediately with solid carbon 
dioxide, then crushed later between chilled steel blocks. The tissue was 
transferred to the cellophane tubes with 2.5 volumes of water, and the 
tubes were immersed in 2.5 volumes of water (4). The tubes were re- 
volved on a ball mill frame for 4 hours in the cold room and then allowed 
to stand overnight. 15 ml. aliquots of the dialysates were desalted in 15 
to 20 minutes by the method of Consden, Gordon, and Martin (5) and 
were concentrated in vacuo to a small volume. Measurements were made, 
by the gasometric ninhydrin method of Hamilton and Van Slyke (6), of | 
the concentration of free amino acids in desalted dialysates and in picric 
acid extracts of the original plasma. These showed that the method of | 
preparation of the plasma did not entail an appreciable loss in total amount | 
of the free amino acids. 

Stein and Moore! have found large losses of arginine (7) and slight | 
losses of some other amino acids after electrolytic desalting for periods 
of approximately 2} to 33 hours. In a 30 minute period of desalting they 
found 21 per cent of the arginine converted to ornithine. Our values for 
concentration of free amino acids of muscle were 10 to 15 per cent higher 
in desalted dialysates than in picric acid extracts, probably owing to libera- 
tion of some amino acids during dialysis or desalting. 

Two-dimensional paper chromatograms (8) were developed by the as- 
cending technique (9) with paper cylinders of Whatman filter paper No. 1 
or No. 4 standing in Petri dishes in 20 gallon stone crocks. The sheets 
were first developed in a 75 per cent solution of phenol, purified according 
to the method of Draper and Pollard (10) and containing sodium cyanide, 
and in an ammoniacal atmosphere. The sheets were dried in the early 
experiments partly at room temperature, then at 80° for 10 to 15 minutes; 
in later experiments they were dried overnight at room temperature (11, 
12). They were then developed in a 65 per cent solution of lutidine in 
an atmosphere of diethylamine. The sheets were dried and sprayed with 
a 0.25 per cent solution of ninhydrin in saturated butanol containing 1 per | 
cent glacial acetic acid. 














Results 


Paper chromatograms of plasma removed before and after hepatectomy 
show clearly that many amino acids or derivatives increase in concen- | 


r : . ed 
1 We are grateful to Dr. Stein and Dr. Moore for the opportunity of seeing their | 


manuscript prior to publication. | 
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tration in the dehepatized dog. The characteristic pattern of amino acids 
of plasma appears to be maintained, with a general intensification of each 
spot, indicative of an increased concentration of each amino acid, as shown 
in Fig. 1. In this typical experiment, phenylalanine and tyrosine were 
distinctly visible as grayish green spots in the final sample of plasma, but 
these were not visible in a 0.2 ml. aliquot of the control plasma. The 
yellow spot of proline, which does not photograph well, was also visible 
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Fig. 1. The picture on the left represents the control plasma; that on the right 
represents plasma obtained 25 hours after hepatectomy. Aliquots of dialyzed, de- 
salted, concentrated plasma corresponding to 200 ul. of plasma were applied to each 
sheet at spot X, and the sheets were developed in phenol and lutidine in the diree- 
tions indicated by the arrows. 1, phenylalanine; 2, leucine; 3, valine; 4, proline; 4, 
arginine; 6, lysine; 7, tyrosine; 8, alanine; 9, threonine; 70, glutamine; //, taurine; 
12, glycine; 13, serine; 14, glutamic acid. 


after hepatectomy but not before. Spots representing valine, lysine, and 
arginine, alanine, threonine, taurine, glutamine, glycine, serine, and glu- 
tamic acid were all more prominent in the plasma after hepatectomy than 
before it. Glutamine, which occurs in the greatest abundance in the nor- 
mal plasma, made the most prominent spot in the chromatogram of the 
plasma of the dehepatized dog. 

The increase of phenylalanine and tyrosine was found in all eleven de- 
hepatized dogs studied; increases in the other amino acids were found in 
from five to ten of these dogs (Table 1). Actually increases in all, or all 
but one, of these fourteen amino acids were found in from five to ten of 


YIIM 











296 AMINO ACIDS FOLLOWING HEPATECTOMY 


the dogs. This improvement in the number of intensified spots seen prob- 
ably reflects improvements in the technique of making the chromatograms 
rather than differences in the dog. An increase in histidine, which was 
found by Svec to increase after hepatectomy, was also noted by us when 
0.4 ml. samples of plasma were used for the chromatograms. 


TABLE I 


Plasma Amino Acids Definitely Increased after Hepatectomy* 


Amino acid No. of dogs Amino acid No. of dogs 
Phenylalanine 11 Alanine 10 
Leucine 8 Threonine 5 
Valine 8 Glutamine 9 
Proline 10 Taurine ci 
Arginine 10 Glycine 9 
Lysine 10 Serine 10 
Tyrosine 11 Glutamic acid 10 


* Paper chromatograms were made from the plasma of eleven dogs in this series 
17 to 31 hours after total removal of the liver. The concentration of none of these 
amino acids appeared decreased. It is also probable that technical difficulties were 
responsible for our failure to observe increases in all cases. 


TABLE II 


Plasma Total a-Amino Nitrogen 


Before hepatectomy After hepatectomy 
mg. per 100 ml. hrs. mg. per 100 ml. 
3.8 27 10.6 
6.2 21 12.8 
3.1 25 11.4 


Controls 


3.7 27 3.2 
5.5 22 1.8 
3.6 25 3.2 


No increase in concentration of the amino acids was noted in three 
dogs before and after the control operation. 

Determinations of the total a-amino nitrogen of the plasma by the 
ninhydrin method of Hamilton and Van Slyke were made on three de- 
hepatized and three control dogs (Table II). A 2- to 3-fold increase was 
found after hepatectomy in the total concentration of amino acids in the 
plasma, but no increase was found in the controls, from which only one 
lobe of the liver had been removed. Likewise glutamine determination 
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rob- by the method of Hamilton (13) showed values of approximately 1 mg. 
ams of glutamine a-amino nitrogen per ml. in the control plasma, with in- 
was 

- Tape III 
Then 


Effect of Intravenous Injection of Hydrolyzed Protein on Level of Amino Acids* 
i ! y: 





Dog No. Sample No. Total a-amino N Glutamine a-amino N 
mg. per 100 ml. mg. per 100 ml. 

1 1 3.24 0.90 

eal 2 9.14 0.77 
3 5.04 1.32 

2 1 4.08 0.83 

2 8.67 1.13 

3 1 3.94 1.74 

2 6.81 Like 

‘ 3.54 1.25 


* A casein hydrolysate, free of glutamine, was given at a rate of 50 mg. of nitro- 








gen per kilo per hour for 2 hours. Sample 1, before injection; Sample 2, at the end 
series of injection; Sample 3, 80 to 90 minutes after the end of injection. 
these 
were 
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e de- | tion to those noted from plasma, are 15, carnosine; 16, aspartic acid; 17, unidentified. 
e was ; : 5 : sel 
1 tis creases to as high as 4.6 and 5.4 mg. after hepatectomy. Thus the most 
+ eis prominent spot on the chromatogram represented about 40 per cent of 
satel the total a-amino nitrogen. 


Two normal dogs and one nephrectomized dog were injected with an 
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acid hydrolysate of casein® free of glutamine to produce an increase in 
the amino acid content of the plasma of similar magnitude to that found 
after hepatectomy. Under these conditions there was no increase in the 
glutamine content of the plasma (Table III). 

Chromatograms of muscle before and after hepatectomy showed much 
less contrast than was found in plasma (Fig. 2). The aliquots used repre- 
sented 200 mg. of muscle for ease of comparison with the 200 ul. aliquots 
of plasma. Since determination of free a-amino nitrogen of muscle by 
the ninhydrin manometric method shows values 6 times that of plasma, 
the chromatograms are much more intense. The most distinct increases 
after hepatectomy were noted in phenylalanine and tyrosine. Phenylala- 
nine increased in all nine dehepatized dogs from which muscle biopsies 
were taken; tyrosine increased in eight of these; and leucine and valine 
appeared to increase in seven dogs. The glutamine and taurine spots were 
each considerably larger after total hepatectomy than before it in three 
of these dogs. However, it is apparent that much more certainty is in- 
volved in a gross observation of a change from a barely visible to a dis- 
tinetly visible spot, as with phenylalanine or tyrosine, than of changes 
in very large spots, as with taurine or glutamine. Changes of physiologic 
importance may be occurring regularly in more amino acids than phenyl- 
alanine, tyrosine, leucine, and valine, but they have not been determined 
with any degree of certainty. 


Comment 


The pattern of distribution of free amino acids in the plasma, as shown 
by paper chromatography, is quite distinct from that of the muscle in the 
normal dog, and this distinction is maintained even when the concentra- 
tion of amino acids in plasma increases 2- to 3-fold within 24 hours after 
total hepatectomy. This suggests that amino acids from extrahepatic tis- 
sue, most of which is muscle, are liberated into the plasma after hepatec- 
tomy in about the same proportion as before. Since fourteen amino acids 
and taurine were observed to increase in concentration after hepatectomy, 
the liver probably normally removes all of these from the blood, and at 
least at a rate comparable to the rate of increase found in the absence 
of the liver. Since glutamine normally occurs in larger quantities than 
any other one amino acid in blood, it appears to be the amino acid which 
the liver normally takes from the blood in largest quantity. 

Glutamine is an amino acid which is known to be involved in the pro- 
duction of urea. Its presence in liver slices is essential for the conversion 
of ornithine to citrulline, as shown by Cohen and Grisolia (14) and others; 
it accelerates the conversion of citrulline to arginine in such preparations 


2 Hlamine, Interchemical Corporation, Union, New Jersey. 
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he either directly or indirectly, as proposed by Ratner and Pappas (15). It 
increases the output of urea in urine when fed to guinea pigs and dogs, 
and to a much greater extent than most other amino acids, as shown by 
Leuthardt and Glasson (16) and Kamin and Handler (17). Furthermore, 
62 per cent of the amide nitrogen of the glutamine administered is ex- 
creted within 24 hours as urea by the rat, as shown by Berenbom and 
10'S | White (18). 

by Muscle contains a large amount of glutamine (19), and it seems probable 
that the increased glutamine content of the plasma following removal of 
the liver represents the diffusion of this substance from the muscle rather 
than an extrahepatic conversion of other amino acids to glutamine. In- 
jections of amino acids into animals with a functioning liver does not pro- 
duce any increase in the glutamine content of the plasma. 

The increase of the amino acids which occurs following removal of the 
| liver appears to be that portion liberated from protein which would be 
*N- | converted in the liver to urea, glucose, or ketone bodies, none of which 
are formed in appreciable amounts in the absence of the liver. A portion 
of the accumulated amino acids also represents some which would be re- 
synthesized to protein in the liver were it present. These experiments 
provide no satisfactory data as to the amount of extrahepatic breakdown 
and resynthesis of protein except to indicate that excess of amino acids 
continues to escape from the extrahepatic tissues. The mixture of amino 
acids which reaches the blood appears to be very similar to the mixture 
present in the blood under usual fasting conditions. No single amino 
acid accumulates at the expense of other amino acids of the mixture. If 
interconversion of amino acids occurs in the absence of the liver, such 
interconversion reaches the same equilibrium relations as are found in 
normal plasma. 
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eles SUMMARY 
acids Paper chromatography was used to study the distribution of free amino 
omy, acids in the plasma before and after total removal of the liver. The char- 


dat | acteristic chromatogram of the amino acids of the plasma of the normal 
sence dog was maintained after hepatectomy, but each spot was intensified, indi- 
than cating an increase in concentration. ll fifteen amino acids or derivatives 
hich observed were found to increase, and further studies may show changes 
inmore. This suggests that the liver normally removes all of these amino 
pro- acids from the blood and at least at a rate comparable to that of the in- 
rsion crease found after removal of the liver. Glutamine, the most abundant 
hers: amino acid in the plasma, is probably normally removed by the liver in 
tions greatest quantity. The mixture of amino acids which enters the blood 
after hepatectomy appears to be similar in composition to that found in 
normal blood. 
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BIOSYNTHESIS OF DICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


V. FURTHER STUDY OF THE “MALIC” ENZYME OF LACTOBACILLUS 
ARABINOSUS* 


By SEYMOUR KAUFMAN, SEYMOUR KORKES, anp ALICE pet CAMPILLO 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, April 2, 1951) 


As previously reported, Lactobacillus arabinosus (strain 17-5) can be 
adapted to ferment t-malic acid according to Reaction 1 (1). A partial 
purification 

veer (DPN, Mn**) de 

(1) t-Malic acid < — lactic acid + COz 

of the enzyme has already been described (2).! A modification of this 
procedure has resulted in further purification. The present method differs 
from the previous one in that a selective heat denaturation step and an 
ammonium sulfate fractionation, both carried out in the presence of malic 
acid and Mnt, have been introduced. With these modifications, about 
a 70-fold purification over the initial extracts has been achieved. 

The product of the reaction in crude preparations has been shown to be 
pu-lactic acid (2). During the course of further purification, preparations 
of the enzyme were obtained which yield t-lactic acid. In addition, it 
has been shown that the crude enzyme can catalyze the conversion of 
p- to t-lactic acid. The process is DPN-dependent but shows no metal 
requirement. 

Due to the failure to remove completely contaminating lactic dehy- 
drogenase, it has so far not been possible to demonstrate formation of 
pyruvate, presumably the intermediate between malate and lactate in 
Reaction 1, except in very small amounts (2). This aspect of the problem 
has been studied with C-labeled malate. 








EXPERIMENTAL 
Purification of Enzyme 


Growth of the organisms, preparation of acetone powders, and extrac- 
tion were all carried out as previously described (2). The manometric 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, the Rockefeller Foundation, and 
the Lederle Laboratories Division, American Cyanamid Company. 

1 DPN = diphosphopyridine nucleotide; TPN = triphosphopyridine nucleotide. 
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test, enzyme unit, and determination of the protein content of the enzyme 
solutions were the same as those previously used (2). 


Step 1. Heating—3600 cc. of extract are mixed with 460 cc. of 1.0m | 


MnCl, and 200 ce. of 2.0 m t-malate, pH 6.8, and stirred for 30 minutes 
at 3-4°. A heavy, stringy precipitate forms which is probably a mixture 
of (Mn)3(PO.)2, Mn-nucleic acid, and Mn-nucleoprotein. The mixture is 
placed in a water bath, previously heated to about 55°, and stirred mechani- 
cally. Stirring is continued for 8 minutes after the temperature of the 
extract reaches 38-40°. The mixture is then placed in ice and stirred 
rapidly until the temperature falls below 20°. It is then filtered in the 
cold room on 50 em. fluted filter paper (Reeve Angel No. 802). The 
filtrate is dialyzed overnight against 20 liters of running distilled water 
and then against 11 liters of 0.02 m phosphate buffer, pH 7.0, for 24 hours. 
A heavy precipitate which forms on dialysis against phosphate is filtered 
to give a clear filtrate. All subsequent steps are carried out at 0—4°. 

Step 2. First Ammonium Sulfate Fractionation—The filtrate is brought 
to pH 7.3 with a few drops of 1.0 n NaOH with stirring. Solid ammo- 
nium sulfate is added slowly with mechanical stirring to 72 per cent satu- 
ration and the mixture is allowed to stand overnight. After filtration, the 
precipitate is discarded, the filtrate is brought to 100 per cent saturation 
with solid ammonium sulfate and stirred for 2 hours, and the mixture is 
filtered. The precipitate is dissolved in 0.02 m phosphate buffer, pH 7.0, 
and dialyzed against 4 liters of the same buffer overnight. 

Step 3. Precipitation of Nucleic Acid with Protamine—The dialyzed solu- 
tion of the 0.7 to 1.0 ammonium sulfate fraction is brought to pH 6.0 with 
1.0 N acetic acid, and 3 cc. of a solution of protamine sulfate (20 mg. per 
cc., adjusted to pH 5.0) are added with stirring. The optimum amount 
of protamine sulfate is 0.09 to 0.12 mg. per mg. of protein. The precipi- 
tate is centrifuged and discarded. 

Step 4. Removal of Inactive Proteins with Calcium Phosphate Gel—The 
supernatant from Step 3 is adjusted to pH 5.5 with a few drops of 1.0 n 
acetic acid and then 11 ce. of Ca3(POx.)2 gel are added slowly with stirring 
(0.024 to 0.028 cc. of Ca3(PO.)2 per mg. of protein). The mixture is cen- 
trifuged after 15 minutes and the precipitate discarded. 

Step 5. Second Ammonium Sulfate Fractionation—The supernatant from 
Step 4 is taken to pH 7.3 by careful addition of 1.0 N NaOH with stirring. 
4 ce. of 0.3 m L-malate, pH 6.8, and 1.6 cc. of 0.05 m MnClh are added to 
the solution (containing 280 mg. of protein). Solid ammonium sulfate is 
added to 75 per cent saturation,-the pH being maintained between 7.0 
and 7.3 with 1 N NaOH. The bulk of the activity is thus precipitated. 
The precipitate is centrifuged and dissolved in 20 cc. of 0.02 m phosphate 
buffer at pH 7. 
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, Step 6. Third Ammonium Sulfate Fractionation—The solution from Step 
5 is diluted with 0.02 m phosphate buffer, pH 7.0, to 40 cc. (1:2) and 0.8 
cc. of 0.3 M L-malate, pH 6.8, and 0.32 cc. of 0.05 m MnCl: are added. 
The pH is brought to 7.3 with 0.5 n NaOH. Solid ammonium sulfate is 
then added to 80 per cent saturation and the mixture centrifuged. The 
precipitate is discarded. Ammonium sulfate is now added to 90 per cent 
- saturation, and the mixture is stirred for 1 hour and then centrifuged. 
The precipitate is dissolved in a small volume of 0.02 m phosphate buffer, 
pH 7.0, and stored in the cold. A summary of the purification data is 
given in Table I. 

| The specific protection of the “malic”? enzyme with Mn++ and malic 
T acid appears to be of some general interest. In the absence of any pro- 
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heat, a considerable purification can also be effected. Mn** is more im- 
portant than malate in protecting the enzyme, since 70 to 80 per cent of 
m the protection is afforded by Mn+ alone. In view of the above, it seems 


ws TasBLe I 

d Purification of L. arabinosus Enzyme 

‘ } 90 gm. of acetone powder used. 

. 

| Step sis) ee | ie | See | wa 

i ce. | 8. ered ber cent 

n Pheuphate extranet... 0c. i cescnens 3570 | 576,000 10,300, 56 | 100 

is Heated supernatant................... 4030 | 425,000, 2, 020 | 210 | 74 

0, Ist ammonium sulfate fractionation...| 220 | 304, ,000 702 | 431 | 53 
Protamine supernatant................ 220 | 295,000) 390; 760 | 51 
Calcium phosphate supernatant....... 222 274, 000 292 | 940 | 48 

u- 2nd ammonium sulfate fractionation. . 21 | 245,000; 189; 1300 | 43 

th 3rd * * “ “3 5 90,000 23 | 3900 | 16 

er 

nt tection, heating of the ‘‘malic” enzyme under the same conditions as those 

ji- | used in the purification procedure leads to a 90 per cent loss in activity. 

| If the initial phosphate extracts are dialyzed against demineralized water, 

he | no precipitate forms on addition of Mn** and malate. Subsequent heat- 

N | ing leads to a marked loss in activity. When the undialyzed phosphate 

ag | extracts are merely treated with Mn** and malate without employing 

| 


s. | likely that adsorption of inactive proteins on Mn;(PO,)2, Mn-nucleic acid, 
to or Mn-nucleoprotein complexes, as well as heat denaturation, is respon- 
is | sible for the purification resulting from this step. The protection seems 
0 | to be general as far as methods of inactivation are concerned. Urea de- 
cd. | naturation and trichloroacetic acid inactivation have both been tried with 
ite | the same results, 7.e., selective protection of the “malic” enzyme by malate 


| and Mnt+*. With trichloroacetic acid treatment, it was possible to ob- 
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tain enzyme preparations in which the ratio of lactic dehydrogenase to 
“malic”? enzyme activity was 0.1 (cf. (2)). However, the loss of “malic’’ 
enzyme activity, after such treatment, is too great to allow such a method 
to be a practical one in the purification. 


Properties of Enzyme System 


Optical Nature of Lactate Formed—It has previously been reported (2) 
that crude preparations of L. arabinosus “malic” enzyme (specific activ- 
ity about 100) form pt-lactic acid from L-malic acid. This was confirmed 
with an enzyme preparation of specific activity 2500. The zine salt of 
the lactic acid was prepared (2) and from the water of crystallization it 
was shown to be zinc pi-lactate: per cent water found, 19.03; theory for 
zine DL-lactate, 18.17; theory for either zine p- or L-lactate, 12.88. The 
material showed no rotation in the polarimeter. However, when an en- 











TaBLeE II 
Formation of u-Lactic Acid by Highly Purified L. arabinosus Enzyme 
round 7 = oe 
Seo eae —8.55 —8.27* 
[a]p ‘“‘ ammonium molybdate complex, degrees... —32.2 —33T 
Water of crystallization of zine salt, %........... 12.22 | 12.88 





* Interpolation of the data of Bancroft and Davis (8). 
¢ See Meyerhof and Schulz (4). 


zyme preparation which had originally a specific activity of 3900, but 
had lost some activity on lyophilization, was used, the percentage of water 
of crystallization of the isolated zinc lactate indicated that the compound 
was no longer racemic. Optical rotation of the zine salt and of the am- 
monium molybdate complex confirmed this and proved that the material 
was L-lactic acid. Table II summarizes the data obtained. 

Mechanism of Lactate Racemization—When p-lactate is incubated with 
crude preparations of the L. arabinosus enzyme, in the presence of DPN, 
it is slowly converted to L-lactate. Formation of the latter was detected 
with muscle lactic dehydrogenase, which does not react with p-lactate. 
The reduction of 2 ,6-dichlorophenolindophenol by t-lactate was measured 
at the wave-length 610 my in the Beckman spectrophotometer in the 
presence of crystalline lactic dehydrogenase from rabbit muscle, DPN, 
diaphorase, and semicarbazide to bind the pyruvate. 

A crude ammonium sulfate fraction (specific activity 90) was used for 
these experiments. A mixture of 0.5 ec. of enzyme solution (210 units) 
in phosphate buffer, pH 7.0, 48 um of b-lactate, 0.15 um of DPN, and 5 
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uM of MnCl, final volume 1.0 cc., was incubated for 18 hours at room 
temperature. Control mixtures without either DPN, enzyme, Mn**, or 
| p-lactate were incubated simultaneously. After incubation, the mixtures 
were deproteinized by heating at 100° for 5 minutes and cooled; 0.2 to 
0.4 gm. of Dowex-50 resin was added to each tube to remove Mn**, and 
the mixtures were then centrifuged. Mn** had to be removed to avoid 
precipitation with the pyrophosphate buffer in the test system for 
L-lactate. Aliquots of the supernatants were then assayed for t-lactate. 
There was a slow blank reduction of the indophenol in the absence of any 
added t-lactate. For this reason readings were taken for several minutes 
to determine this rate before the lactate sample was added. When a re- 
| crystallized sample of zine p-lactate was added to this system, the rate of 
reduction was not increased over the blank rate. 
The curves in Fig. 1 show that the conversion of p- to L-lactic acid by 
} the crude L. arabinosus enzyme occurred only in the presence of DPN. 
Mnt had no effect. From a determination of the initial rate of reduction 
of the dye as a function of the initial L-lactate concentration, an estimate 
of the amount of L-lactate formed from the D isomer during the 18 hour 
incubation period was made. This corresponded to 30 per cent racemi- 
zation. The fact that DPN is needed for the racemization of lactate sug- 
gests that this reaction occurs by interaction of two lactic dehydrogenases, 
each specific for p- and L-lactate (Reactions 2, 3, and 4). 


(2) p-Lactate + DPNox. = pyruvate + DPNrea. (p-lactic dehydrogenase) 


(3) Pyruvate + DPNrea. = t-lactate + DPNox. (t-lactic dehydrogenase) 








(4) Sum, p-lactate — L-lactate 


| 

If so, p-lactic dehydrogenase is eventually removed in the course of puri- 
fication of the “‘malic” enzyme. The formation of pi-lactate from malate 

| in crude preparations of L. arabinosus enzyme containing both p- and 
L-lactic dehydrogenase would occur as indicated by Reaction 5. 


| p-lactate (p-lactic dehydrogenase ) 


(“malic enzyme) . Wa 
| (5) t-Malate = pyruvate 








L-lactate (L-lactie dehydrogenase) 

Dissimilation of Isotopic Malate—As already mentioned, it has not been 
possible to demonstrate directly that pyruvate is an intermediate in Re- 
action 1 because of contamination of the enzyme with lactic dehy- 

, drogenase. If malic acid, labeled in both carboxyl groups with C¥, is 
dissimilated by L. arabinosus enzyme, in the presence of carrier pyruvic 
and lactic acids, a comparison of the specific radioactivity of the isolated 
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compounds would indicate which acid was derived more directly from the 
labeled malate. 


t-Malic acid labeled with C“ in both carboxyl groups was prepared en- 


zymatically with pigeon liver ‘malic’ enzyme (5) in the presence of 
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0 4 8 12 16 
MINUTES 
Fig. 1. Enzymatic demonstration of the conversion of p- to L-lactate by L. 
arabinosus enzyme preparations. The samples contained pyrophosphate buffer, 
pH 9.2, 140 um; 2,6-dichlorophenolindophenol, 0.15 um; semicarbazide, 80 um; DPN, 
0.15 um; diaphorase, 0.2 cc.; crystalline fraction of t-lactic dehydrogenase from rab- 


bit muscle, 0.2 cc. Volume made up to 3.0 cc. with water. Corex cells, d = 1.0 | 
cm.; A, 610 my; temperature, 23°. Experimental test solution (0.2 cc.) added at | 


the time indicated by the arrow a. Curve 1 (O), aliquot from complete reaction 
mixture containing L. arabinosus enzyme, v-lactate, Mnt*, and DPN. Curve 2 
(@), no Mn** in reaction mixture. Curve3,noDPN. Curve 4, either no p-lactate 
or no L. arabinosus enzyme. At arrow b addition of 5 un of L-lactate to test system 
as a control. 


fumarase. Labeling occurs as indicated by Reaction 6. The label is in- 
dicated by an asterisk. 


(6) C*O. + CH;—CO—COOH + TPNrea. = 
C*OOH—CH:—CHOH—COOH + TPNax. 


C*OOH—CH=CH—C*OOH + H:0O 


C*OOH—CH.—CHOH—C*00H 


The composition of the reaction mixture was as follows: glycylglycine 
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e | buffer, pH 7.4, 825 um; potassium L-malate, 100 uM; potassium pyruvate, 
500 um; NaHC"Os, 25 um (25 X 10° c.p.m.); TPN, 2.7 um; MnCl, 70 um; 
i- | pigeon liver “malic” enzyme (specific activity 100), 2400 units; and puri- 
of fied fumarase, 90,000 units. The volume was made up with water to 25 
| cc. The reaction was started by tipping in the “malic” enzyme. After 
2% hours, 75 per cent of the starting counts had been fixed. The reaction 
mixture was worked up and chromatographed on a silica gel column as 
described under “Methods.” The fractions containing the malic acid were 
combined (volume, 15 cc.) and extracted with three 10 cc. portions of 0.02 
N NaOH. All of the counts of these fractions were extracted by this pro- 
| cedure. This extract was concentrated by lyophilization. 
| The purity of the malic acid and the equal distribution of the label in 
both carboxyl groups were determined in several ways. An aliquot was 
chromatographed on paper with carrier malate; 90 per cent of the counts 
} migrated with the malate spot. A sample was decarboxylated with L. 
arabinosus enzyme (specific activity 900, fumarase-free); 50 per cent of 
| the counts came off as CO2, while 50 per cent remained in the residue. A 
paper chromatogram of the residue with added carrier lactate showed that 
almost all of the residual counts migrated with the lactate. Another 
aliquot of this residue, on oxidation with KMn0Q, in acid solution, showed 
that all of the counts were present in the evolved COs. 

The dissimilation of the labeled malate with L. arabinosus enzyme was 
L. | carried out in a Dixon-Keilin vessel. The reaction mixture contained 
sr, | labeled t-malate, 6 um (100,000 c.p.m.); carrier L-malate, 44 um; phosphate 

buffer, pH 6.0, 150 um; MnCl, 3 um; DPN, 0.2 uM; pt-lactate, 10 um; 
< pyruvate, 20 um; and L. arabinosus enzyme (specific activity 900, fuma- 
at | tase-free), 175 units. The volume was made up to 1.6 cc. with water. 
on | The mixture was shaken at 25° for 32 minutes, when the reaction was 
2 | stopped by tipping in sulfuric acid. At this time, 43 per cent of the mal- 
| ate, 7.e. 21.5 um, had been decarboxylated. After acidification, potassium 
hydroxide in the center well was turned in and the flask was further 
shaken until all the CO, had been absorbed. The mixture was worked up 
n- | and chromatographed as described under “Methods.” The separation of 
the malic, pyruvic, and lactic acid fractions is shown in Fig. 2. The na- 
ture of the two small peaks before the pyruvic acid fraction is unknown. 
The malic, pyruvic, and lactic acids in the fractions from the silica gel 
column were extracted with 0.02 n KOH. Quantitative determination 
and radioactivity measurements of the three compounds were carried out 
as described under ‘‘Methods.” The results are shown in Table III. 

Direct determination of lactate in the lactic acid fraction by the method 
of Barker and Summerson (6) gave values lower than would be anticipated 
from the measured extent of reaction. On hydrolysis of aliquots, by re- 
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Fig. 2, Chromatographic separation of malate, pyruvate, and lactate after dis- 
similation of doubly labeled C1*-L-malate by L. arabinosus enzyme in the presence 
of inactive pyruvate and lactate. Curve 1, pyruvate fraction; Curve 2, lactate 
fraction; Curve 3, t-malate fraction. 


Taste III 
Specific Radioactivity of u-Malate, Pyruvate, and Lactate Following Dissimilation of 
C'4-Malate by L. arabinosus Enzyme 
The initial specific radioactivity of L-malate in reaction mixture is 2000. 











Compound | Amount in fraction | Total radioactivity* | Specific radioactivity 
UES 5 Ne Ne eS at Eee = eS ee E 
| BM c.p.m. C.p.m. per uM 
PI BNOHWORIOS oid ds.bleccied sewe see | 14.0 26,000 1860 
1 AY TO, a ae epee ae | 10.5 466 At 
Lactic Re Sera aes lore aa ke Sen aay | 22.2 15,200 680 





* In CO:z from carboxy] groups; counted as BaCOs. 

fluxing with 1.4 n KOH, a 4-fold increase of lactic acid was obtained after 
2 hours. This was a maximum value. The value for lactic acid given in 
Table III was obtained after hydrolysis. These results indicate that the 
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lactic acid in the fraction was present in a form which was not determined 
as such by the method of Barker and Summerson. Although the nature 
of the compound yielding lactic acid on hydrolysis has not been deter- 
mined, it is not unlikely that anhydride or ester formation had taken 
place, since a 2 week period elapsed before the lactate was extracted with 
alkali from the acid-organic solvent. Further evidence that the counts 
in the lactic acid fraction were actually in lactic acid was obtained by the 
preparation of the p-bromophenacyl bromide derivative (7) from a hy- 
drolyzed aliquot of the fraction in the presence of carrier pi-lactic acid. 
All of the counts added as lactate were accounted for in the crystalline 
derivative. The melting point was 100-103°, uncorrected; the melting 
point reported for the p-bromophenacy] derivative of pt-lactic acid was 
108°. The mixed melting point of the isolated compound and p-bromo- 
phenacyl bromide was 87-98°. The malate, pyruvate, and lactate frac- 
tions were tested for possible contamination by other compounds present 
before chromatographic separation. Specifically, malate, fumarate, lac- 
tate, and pyruvate were determined. No contamination could be detected 
other than a small amount of pyruvate in the lactate fraction (2 per cent) 
and in the malate fraction (3.2 per cent). 

Evidence previously discussed (2) strongly suggests that pyruvate is an 
intermediate in Reaction 1. The present results, showing that the specific 
radioactivity of the C'-lactate, formed from C'-L-malate labeled in both 
carboxyl groups, is much greater than that of pyruvate, do not neces- 
sarily contradict the above conclusion. It is possible that “‘malic’’ enzyme 
and lactic dehydrogenase in the L. arabinosus preparation form a complex 
on the surface of which the pyruvate formed by oxidative decarboxylation 
of malate is reduced to lactate at a rate faster than that at which it pools 
with the carrier pyruvate in the reaction mixture. The existence of such 
a “malic” enzyme-lactic dehydrogenase protein complex might explain the 
difficulty encountered in removing lactic dehydrogenase on purification of 
the L. arabinosus enzyme. 


Methods 


Preparations—Highly purified amorphous fumarase was prepared ac- 
cording to Laki and Laki (8). The lactic dehydrogenase was a crystalline 
fraction from rabbit muscle. The “malic” enzyme from pigeon liver was 
prepared according to Ochoa et al. (9); it was carried only through the 
first and second alcohol fractionations. Heart flavoprotein (diaphorase) 
was prepared, in collaboration with Mr. I. Harary, by a modification of 
the method of Straub (10). The preparations of DPN and TPN were the 
same as those previously used (11). Crystalline zine salts of p- and t-lac- 
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tate were kindly supplied by Dr. I. C. Gunsalus. The t-malic acid was 
obtained from the Eastman Kodak Company. It was recrystallized from 
a mixture of isobutyl methyl ketone and chloroform after decolorizing the 
solution with norit A. 

Analytical—i-Malate was determined with the L. arabinosus “malic” 
enzyme (12), pyruvate by the method of Friedemann and Haugen (13), 
and lactate by the method of Barker and Summerson (6). Fumarate was 
determined with L. arabinosus enzyme in the presence of fumarase (12). 

Separation of Acids—The reaction mixture, after preparation of the 
doubly labeled malic acid, was worked up as follows: The protein was pre- 
cipitated by boiling for 5 minutes and centrifuged. The pH was adjusted 
to 3.0, and the solution alternately boiled, cooled, and gassed with COQ,, 
This was repeated until the CO, collected was free of radioactivity. The 
pH was brought to 7.5 to 8.0 and the solution was lyophilized. The resi- 
due was taken up in 0.5 ce. of water, t-malic acid (60 um) was added as 
carrier, and the mixture was acidified with 0.1 cc. of 10.0 Nn H.SO,. The 
solution was deep red in color, indicating extensive polymerization of 
pyruvic acid. After adding some anhydrous Na2SO, and 1.0 cc. of a mix- 
ture of equal parts of butanol and chloroform, the mixture was centrifuged. 
A silica gel column, prepared as described by Marvel and Rands (14), was 
used for the separations. The supernatant was introduced on the top of 
the column and the residue was washed three times with 90 per cent chlo- 
roform-10 per cent butanol. The solvent was then forced into the silica 
gel at 960 mm. of Hg pressure. The separation was followed by titrating 
and counting aliquots of the fractions which were collected. All solvents 
were first saturated with water before use. Starting with 100 per cent 
chloroform, the concentration of butanol was gradually raised in 5 per cent 
increments. The solvent composition is not changed while a peak is being 
eluted. Thus, the pyruvic acid peak comes off the column when the sol- 
vent composition is about 90 per cent chloroform-10 per cent butanol. 
Only after the whole peak has been eluted is the next solvent pair (85 per 
cent chloroform-15 per cent butanol) used. 

The reaction mixture from the dissimilation of the labeled malic acid was 
worked up essentially as described above, except that the mixture was kept 


in ice at all times during the gassing with CO, to avoid polymerization | 


and decomposition of the pyruvic acid. The concentrated mixture before 
chromatography was colorless, indicating that little, if any, pyruvate poly- 
merization took place. 

Paper chromatograms were prepared according to Lugg and Overell 
(15). Butanol saturated with 2.0 n formic acid was used as the develop- 
ing solvent and Whatman No. 1 paper was used for the strips. 
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was| Radioactivity Measurements—The CO, from the carboxyl groups of the 
‘om| different acids was collected in alkali and counted as BaCO;. Pyruvate 
the | was oxidized and decarboxylated with ceric sulfate according to Fromageot 
and Desnuelle (16), lactate was oxidized with potassium permanganate in 
acid solution according to Friedemann, Cotonio, and Shaffer (17), and 
13),| malate was decarboxylated with the L. arabinosus “malic” enzyme. A 
was | windowless flow counter was used. All counts were corrected to zero 


). | thickness by the method of Libby (18). 
the 
re. SUMMARY 


lic” 


ted 1. The further purification of the adaptive “malic” enzyme of Lacto- 
/O2. | bacillus arabinosus is described. Whereas the preparations previously ob- 
The | tained formed pt-lactate from t-malate, fractions have now been prepared 
esi- | which form exclusively L-lactate. 

| as 2. Crude preparations of the enzyme catalyze the conversion of p- to 
he | t-lactate only in the presence of DPN. This suggests that such prepara- 
Of } tions contain both p- and L-lactic dehydrogenases and that racemization 
nix- | of lactate occurs through interaction of these two enzymes. The p-lactic 
sed. | dehydrogenase appears to be removed on further purification of the 
was | enzyme. 

) of 3. With t-malic acid labeled in both carboxyl groups with C*, it has 
nlo- | been shown that pyruvic acid is not a free intermediate in the over-all re- 
lica ) action t-malate = lactate + CO: catalyzed by the available preparations 
‘ing | of the enzyme. The assumption that “malic” enzyme and lactic dehy- 
nts | drogenase are bound in a complex and that intermediate enzyme-bound 
ent | pyruvate is reduced to lactate faster than it pools with pyruvate in solu- 
ent | tion may explain the above result. 
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BIOSYNTHESIS OF DICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


VI. ISOLATION OF MALIC ACID* 


By SEVERO OCHOA ann SEYMOUR KAUFMAN 
(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 
(Received for publication, April 2, 1951) 


The biosynthesis of t-malic acid by reductive carboxylation of pyruvic 
acid has been previously described (1). Malate is readily formed, in the 
presence of pigeon liver “malic” enzyme and glucose phosphate dehydro- 
genase, as a result of the TPN-linked dismutation 


(TPN, Mn**) | 
Glucose-6-phosphate + pyruvate + CO: > 6-phosphogluconate 





+ t-malate 


While in the previous work t-malic acid had been identified and deter- 
mined by enzymatic methods (1), it has now been isolated and identified 
chemically. 

Enzyme Reaction—The reaction mixture was as follows: glucose-6-phos- 
phate, 10 mm; pyruvate, 10 mm; NaHCOs;, 15 mm; MnCh, 0.2 mw; tri- 
phosphopyridine nucleotide (TPN), 0.027 mm; glucose phosphate dehy- 
drogenase, 1250 units; pigeon liver “malic” enzyme (2), 8000 units. The 
volume was made up to 101 cc. with water and the solution equilibrated 
with a gas mixture containing 75 per cent carbon dioxide and 25 per cent 
nitrogen, bringing the pH to 7.0. The mixture was incubated with shak- 
ing at 25° for 4 hours. The course of the reaction was followed mano- 
metrically, on a 1.0 cc. aliquot of the above reaction mixture, as already 
described (1). In 4 hours, 3.15 mm of phosphogluconate were produced in 
100 cc. of the main reaction mixture. At this time the solution was 
brought to pH 5.5 with 2.7 cc. of 10.0 N sulfuric acid, heated at 100° for 
8 minutes, and then cooled in ice. The protein precipitate was removed 
by centrifugation. 

Since the crude preparation of glucose phosphate dehydrogenase used 
was contaminated with fumarase, the formation of a mixture of fumarate 
and t-malate was expected as a result of the reaction. Determination of 


* Aided by grants from the United States Public Health Service, the American 


| Cancer Society (recommended by the Committee on Growth of the National Re- 


search Council), the Office of Naval Research, and the Lederle Laboratories Divi- 
sion, American Cyanamid Company. 
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the sum of the two dicarboxylic acids with Lactobacillus arabinosus 
“malic”? enzyme in the presence of fumarase (1) showed that 2.56 mm (81 
per cent of the phosphogluconate formed (cf. (1)) had been produced | 
Thus, 25 per cent of the pyruvate was converted to dicarboxylic acids. 
Isolation of u-Malic Acid—The solution, which was not quite protein- 
free, was completely deproteinized with tungstic acid and filtered. An 
aliquot of the filtrate containing 1.95 mm of fumaric + L-malic acid (or 
about 1.45 mm of t-malic acid if fumarase equilibrium had been estab- 
lished) was brought to pH 1.0 with sulfuric acid and extracted contin- 
uously with ether for 100 hours. The ether was evaporated, the residue [py 
taken up in water, and the volume made up to 25 cc. This solution con- bios} 
tained 0.92 mm of t-malic acid, as determined spectrophotometrically with ples 
fumarase-free, pigeon liver “malic” enzyme (3), and 1.09 mm of pyruvic geet; 
acid, as determined with lactic dehydrogenase (8). 1), # 
A 10 ce. aliquot of the above solution (~ 0.37 mm of L-malic acid) was of a¢ 
lyophilized at pH 8.0 and chromatographed on a silica gel column as of th 
described in Paper V (4). 0.17 mm of malic acid was obtained. the x 
Cinchonine Salt—The cinchonine salt was prepared (5) on an aliquot of bridg 
the effluent containing 0.1 mm of malic acid. 18.4 mg. of the crude sa]’ sent] 
were obtained. After one recrystallization from water the melting poin' of p 
was 188-190°, uncorrected. The mixed melting point with an authenti po | 
sample of cinchonine t-malate of melting point 192° (5) was 188-191°, mot} 
uncorrected. The optical rotation of the cinchonine salt was [a]!? = 


are ( 

+147° (0.541 per cent in water; / = 2.0dm.). The reported value (5, 6) carb 
is [e]’ = +146° for cinchonine 1-malate. synt 
Pr 

We wish to thank Miss Priscilla J. Ortiz for help in part of this work. grat 
SUMMARY for t 

8 a-¢ 


L-Malic acid formed by the dismutation between glucose-6-phosphate },4 


and pyruvate + CQO:, in the presence of pigeon liver “malic” enzyme, oq), 
glucose-6-phosphate dehydrogenase, Mnt+, and TPN, has been isolated pyrr 
and identified as the cinchonine salt. utili: 
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A (8] THE MECHANISM OF PORPHYRIN FORMATION 
1ced A 
; ” THE ROLE OF THE TRICARBOXYLIC ACID CYCLE* 
tein- By DAVID SHEMIN anp JONATHAN WITTENBERG 
An (From the Department of Biochemistry, College of Physicians and Surgeons, 
d (or Columbia University, New York, New York) 
stab- 
nt (Received for publication, December 9, 1950) 
sidue 


In the present investigation, which is a continuation of our study on the 
COl- biosynthetic mechanism of porphyrin formation, we have incubated sam- 
with ples of duck blood (1) with C'-methyl-labeled and with C'-carboxyl-labeled 

TUVIC acetate and have determined, by complete chemical degradation (2) (Fig. 

1), the carbon atoms in the protoporphyrin derived from the carbon atoms 

) Wa of acetate. The experiments with deuterioacetate (3) suggested that some 

in a of the carbon atoms of the side chains of protoporphyrin are derived from 

the methyl group of acetic acid, since these carbon atoms and the methene 
1ot of bridge carbon atoms are the only ones bonded to hydrogen. More re- 

€ sal! ‘ently it has been demonstrated that the methyl groups (carbon atom 6) 

poin' of protoporphyrin and the 6-carbon atoms of the pyrrole rings to which 

renti' othe methyl groups are attached (carbon atom 4) are derived from the 

Sug » methyl group of acetic acid, whereas the carboxyl groups of the porphyrin 

are derived from the carboxyl group of acetate (4). However, these 10 

) carbon atoms did not account for all the C™ activity found in hemin bio- 
synthetically derived from C"-carboxyl- and C-methyl-labeled acetate. 

Previous studies on the biosynthesis of protoporphyrin have demon- 
strated the réle of glycine (5). The nitrogen atoms of glycine are utilized 
for both types of pyrrole rings (Fig. 1, rings A and B, C and D) (6, 7); 
8 a-carbon atoms of glycine are utilized for each porphyrin molecule (8, 9), 

phate but its carboxyl group is not utilized (8, 10). It was found that 4 a- 
ZyM€; carbon atoms of glycine (2) occupy comparable positions in both types of 
olate pyrrole rings (see Fig. 1, carbon atoms numbered 2) and that 4 more are 
utilized for the methene bridge carbon atoms (2, 9). Glycine therefore 
accounts for 8 of the 34 carbon atoms of the porphyrin and in this publi- 
cation the remaining 26 of the carbon atoms are shown to be derived from 
acetate via a 4-carbon atom unsymmetric compound. 

3). In this paper the numbering system for porphyrins is the same as that 
(1951). previously employed (2). Uroporphyrin serves as the parent compound. 


(5,6 


ork. 


950). 


* The work was supported by grants from the Rockefeller Foundation, from the 
National Institutes of Health, United States Public Health Service, and from the 
American Cancer Society on the recommendation of the Committee on Growth of 
the National Research Council. 
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The carbon atoms of protoporphyrin would therefore be numbered as 
shown in Fig. 1. With this system it is comparatively easy to designate | HEN 
a carbon atom; e.g., carbon atom A4 refers to the B-carbon atom of pyrrole © 

ring A of protoporphyrin to which the methyl group is attached. 





EXPERIMENTAL 


Measurement of Radioactivity—All samples were assayed for their radio- 
activity as barium carbonate, and were counted as in the previous inves- 
tigation (2). The results are reported as counts per minute of an “‘in- 
finitely thick” sample in a standard dish and as total activity, which is 
equivalent to counts per minute times the number of carbon atoms in the 
compound. ‘Total activity is proportional to the activity per mole of the | 
compound (2). In the experiments with methyl-labeled acetate and car- | 
boxyl-labeled acetate counts of less than 10 and 3 per minute above back- 
ground, respectively, were not considered significant. = 

Methyl-Labeled Sodium Acetate (C*H;COONa)—2 me. of isotopic sodium 
acetate (Tracerlab, Lot 12) were diluted with non-isotopic sodium acetate 
to give an activity of 6.34 X 10° c.p.m. as barium carbonate and con- 
tained approximately 0.16 me. per mM. 

Carboxyl-Labeled Sodium Acetate (CH;C“OONa)—Two samples were pre- 
pared by the reaction of C“O2 with methyl magnesium iodide. Sample 
H61 had an activity of 11.6 105 ¢.p.m. and contained approximately 
0.23 mc. per mm, and Sample H62 had an activity of 4.85 < 10° ¢.p.m. 
and contained approximately 0.1 mec. per mm. 

Although both of these samples of carboxyl-labeled acetate were used 
in the experiments for heme synthesis, more of Sample H61 than of Sample} 
H62 was employed. The average activity of the carboxyl-labeled aoetenel 
used can be calculated to be 10.6 10° ¢.p.m. containing about 0.21 me. 
per mo. 

Incubation of Duck Blood and Preparation of Labeled Hemin—N ineteen 
ducks were exsanguinated, providing a total of 2025 ml. of blood. In no 
case were samples of blood from different ducks mixed before incubation. | 

Labeled hemin was obtained by incubating whole duck blood with iso-| 
topically labeled sodium acetate and isotopically labeled glycine as pre- 
viously described (1). For each ml. of blood 1 mg. of anhydrous isotopic 
sodium acetate and 1 mg. of glycine labeled with 32 atom per cent excess 
N?® were added as an isotonic solution. These amounts are sufficient to 
give maximal incorporation of isotopes into the hemin. — 

In order to insure that the rates of synthesis of hemin were the same 
in the experiment with methyl-labeled acetic acid as in that with carboxyl- 
labeled acetic acid, the blood of each duck was divided into two parts.  F 
One-half was incubated with methyl-labeled acetic acid plus glycine, and “ons 
the other half was incubated with carboxyl-labeled acetic acid plus glycine 
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In the experiment with carboxyl-labeled acetate a total of 800 ml. of 
duck blood was incubated with the acetate Sample H61 and a total of 
212 ml. with acetate Sample H62. 2.012 and 0.354 gm. of hemin were 
isolated from the blood samples which had been incubated with Samples 
H61 and H62, respectively, and then pooled. The ratio of the C™ ac- | 
tivities of the two isolated hemin samples was the same as the ratio of ac- | 
tivities of the two acetate samples, demonstrating that the utilization of 
acetate was the same for both samples of hemin. The average activity 
10.6 X 10° c.p.m. of the carboxyl-labeled acetate used for hemin synthesis 
can be calculated from the following equation, which is based on the 
amounts of hemin isolated. 





(11.6 X 105 X 2.012) + (4.85 xX 105 x 0.354) 
2.012 + 0.354 





= 10.6 X 10° ¢c.p.m. | 


The rates of synthesis of hemin in the experiments with methyl-labeled 


acetate and the two samples of carboxyl-labeled acetate were practically 
the same. This is demonstrated by the finding of equal N' concentra- 
tions in the hemin samples. The hemin prepared from methyl-labeled 
acetate, from carboxyl-labeled acetate Sample H61, and from carboxy]l- 
labeled acetate Sample H62 contained 0.145, 0.147, and 0.152 atom per 
cent excess N", respectively. 

The labeled hemin samples were diluted with non-isotopic hemin in order 
to provide more material for the degradation experiments. The 2.676 gm. 
of hemin obtained from the methyl-labeled acetic acid were diluted with 


3.285 gm. of non-isotopic hemin. The 2.366 gm. of hemin obtained from | 


the carboxyl]-labeled acetic acid were diluted with 3.789 gm. of non-isotopic 
hemin. Since the rates of synthesis were the same, one can compare the 
activities in the carbon atoms of the diluted samples of the hemin from 
the two experiments. By multiplying the activities of the carbon atoms 
found in the carboxyl]-labeled experiments by 0.696, the values observed 
in the two experiments are made comparable. 


6.34 X 105 2.676 6.155 
10.6 X 105 * 5.961 3 2.366 — 


Degradation of Labeled Hemin 


The method of degradation of hemin used in this paper represents an 
extension of the method previously presented (see Fig. 1) (2). 

Preparation of Protoporphyrin—The hemin was converted to protopor- 
phyrin by treatment with powdered iron in boiling formic acid (11). The 
yields in each case were about 99 per cent. 

Preparation of Mesoporphyrin—The protoporphyrin samples were con- 
verted to mesoporphyrin by hydrogenation in 100 per cent formic acid 
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solution with colloidal palladium catalyst (12) and isolated as previously 
described (2). The yield in each case was 96 per cent. 

Oxidation of Mesoporphyrin to Methylethylmaleimide and Hematinic 
Acid—A solution of mesoporphyrin in 20 per cent sulfuric acid was stirred 
for 18 hours at room temperature with a, small excess of chromic acid 
(13, 14). The products of the oxidation were collected by ether extrac- 
tion and separated and purified as previously described (2). 

The yield of methylethylmaleimide, purified by repeated sublimation, 
was in both cases 44 per cent of theoretical. The product derived from 
methyl-labeled acetic acid had a melting point of 65.0-66.4° (Kiister (13) 
reported 67°; Fischer e¢ al. (14) 70°); that from carboxyl-labeled acetic 
acid melted at 63.8-65.4°. 


C,H,O.N. Calculated. C 60.4, H 6.5 
From methyl-labeled acetic acid. Found. "60:6; 6.8 
“ carboxyl- cc “ “ce “ce “ec 60.2, “cc 6.5 


The hematinic acid was isolated as previously described (2) and recrys- 
tallized from ethyl acetate-petroleum ether. That from methyl-labeled 
acetic acid (yield 52 per cent) melted at 114.2-115.0° (Kiister (15), 113.5- 
114.5°); that from carboxyl]-labeled acetic acid (yield 38 per cent) at 114.0- 
114.6°. 


CsH,O.N. Calculated. C 52.5, H 4.9 
From methyl-labeled acetic acid. Found. “* 62:6, °° 4.8 
“ce carboxyl- “ce cc “cc iad iad 52.2, “cc 5.1 


Conversion of Hematinic Acid to COz and Methylethylmaleimide—Hema- 
tinic acid was decarboxylated by heating a suspension in nearly saturated 
ammoniacal éthanol for 2 hours at 175° (15, 16). The reaction mixture 
was diluted with water, acidified, and the CO, formed was aerated into 
barium hydroxide solution. The yields of barium carbonate were 70 to 
78 per cent. The methylethylmaleimide was isolated by extraction with 


_ ether, steam distillation, and repeated sublimation (2). The yield in the 
' methyl-labeled acetic acid experiment was 52 per cent, m.p. 63-65°; in 


ts an 


opor- 
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the carboxyl-labeled acetic acid experiment, 42 per cent, m.p. 65.5-66.5°. 


C;H,O.N. Calculated. C 60.4, H 6.5 
From methyl-labeled acetic acid. Found. “60:5, ** 6.5 
“ce carboxyl- “ce ini “ce “cc “cc 60.5, “ee 6.5 


Preparation of Pyruvic and a-Ketobutyric Acids—The methylethylmalei- 
mide samples were oxidized with sodium chlorate and osmium tetraoxide 
in aqueous solution by the method of Milas and Terry (17). Titration of 
aliquots of the reaction mixture with periodic acid indicated that the oxi- 
dation was complete after about 20 hours at 25°. The resulting tartari- 
mide was cleaved, without isolation, by addition of 1 equivalent of sodium 
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metaperiodate (18). After 20 minutes, the solution was extracted with 
ether for 5 hours in a continuous extractor. The ether was taken to dry- 
ness and the residue dissolved in 1 to 2 ml. of 0.5 Nn HCl and heated for 
1 hour at 80°. The solution was then mixed with 1 to 2 gm. of anhydrous 
silica gel and transferred, with the aid of a small volume of butanol-chloro- 
form solution, to a chromatographic column in which the pyruvic and | 
a-ketobutyric acids were separated on silica gel by a modification (2) of 
the procedure of Isherwood (19). The solvent phases were 0.5 N H.SO, | 
and butanol-chloroform mixture. 

The keto acids were isolated from the column effluent as their 2,4- 
dinitrophenylhydrazones. A non-acidic impurity was removed by dissoly- | 
ing the pyruvic hydrazone in dilute sodium bicarbonate, the a-ketobutyric 
hydrazone in a large volume of half saturated lithium carbonate, and by 
filtering and reprecipitating the hydrazones with dilute hydrochloric acid. 
The hydrazone of pyruvic acid was crystallized from 95 per cent ethanol; 
that of a-ketobutyric acid from acetic acid, as previously described (2). 
The yields, based on methylethylmaleimide, ranged from 20 to 40 per 
cent. All the samples of pyruvic acid hydrazone melted at 217—218° and 
those of a-ketobutyric acid hydrazone melted at 198-200°; and no de- 
pression in melting point was observed when the products were mixed 
with authentic samples of the hydrazones. 





2,4-Dinitrophenylhydrazone of pyruvic acid 


CyHsO06N«q. Calculated. C 40.3, H 3.0 
Carboxyl-labeled acetate 
From rings A and B Found. *° 40.3, “ 3.0 

“cc “cc Cc cc D “ce “ce 40.4, “cc Sil \ 
Methyl-labeled acetate P | 
From rings A and B ae €°40.5, °° 3.3 

“cc “ CG ia] D “ee ini 40.3, “cc 3.2 


2,4-Dinitrophenylhydrazone of a-ketobutyric acid 


CyoH ip 6Ny. Calculated. C 42.6, H 3.6 

Carboxyl-labeled acetate 

From rings A and B Found. 6A 5, ** 3.6 
“cc “ce Cc ce D “ “ 42.5, “cc 3.6 

Methyl-labeled acetate 

From rings A and B i $842.6; ** 3:6 
“ce ce “hy “cc D ce “ec 42.5, “ oo 


Decarboxylation of a-Keto Acid Hydrazones—Pyruvic acid dinitrophenyl- 
hydrazone was oxidized with an excess of potassium permanganate in 5 per 
cent sulfuric acid, according to the procedure devised by Krebs (20) for 
the determination of a-ketoglutaric acid. The yields of barium carbonate 
were only 71 to 82 per cent of the expected amounts. This we believe to 
be due to incomplete oxidation of the benzene ring, and not to an incom- 
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plete release of COs from the carboxyl group, since the yields of acetic 
acid were practically quantitative (2). On this assumption it is possible 
to correct the observed activity values by applying the corresponding 
yield factors (0.71 to 0.82). The corrected values represent the activities 
which should have resulted from complete oxidation. 

The pyruvic acid dinitrophenylhydrazone samples were suspended in 
water and dissolved by the addition of 5 per cent sodium hydroxide. They 
were immediately reprecipitated by the addition of dilute sulfuric acid, 
and the mixture was diluted to bring the volume to about 100 ml. per mm 
of compound and the sulfuric acid concentration to 5 per cent. An excess 
of potassium permanganate dissolved in 5 per cent sulfuric acid was added, 
and the mixture held at 60° for 14 hours. The carbon dioxide liberated 
was aerated into barium hydroxide solution. 

The excess permanganate was then reduced with hydrogen peroxide, 
and the solution filtered; the acetic acid formed was steam-distilled and 
converted to the sodium salt. 

a-Ketobutyric acid hydrazone was decarboxylated in the same manner, 
except that the reaction was run at room temperature to minimize oxida- 
tion of the propionic acid by the permanganate. The yields of propionic 
acid ranged from 101 to 106 per cent. 

The yields of barium carbonate were 62 to 73 per cent. Appropriate 
corrections were similarly applied to the radioactivities of the a-ketobutyric 
acid carboxyl group. 

Decarboxylation of Propionic and Acetic Acids—The propionic acid sam- 
ples were converted into CO, and ethylamine by a modification (21) of 
the Schmidt reaction. Phares (22) has demonstrated that by this reaction! 
each carbon atom of acetic and propionic acids can be analyzed separately. 
The ethylamine was oxidized with alkaline permanganate to acetic acid. 

The samples of acetic acid, both from the decarboxylation of propionic 
acid and of pyruvic acid hydrazone, were similarly decarboxylated by the 
Schmidt reaction. The resulting methylamine was oxidized with alkaline 
permanganate. The carbon dioxide formed in each step was collected as 
barium carbonate. 


DISCUSSION 


Before the results are discussed in greater detail, it may be worth while 
to evaluate the experimental data in the light of certain relationships 
which were found to exist among different parts of the molecule. In the 
degradation methods used to locate each carbon atom, derived from the 


1 The authors wish to express their sincere thanks to Dr. E. F. Phares of the Oak 
Ridge National Laboratory for furnishing them with his unpublished methods for 
these degradations. 
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carbon atoms of acetate in the porphyrin, crystalline and analytically pure 
products were obtained only through the a-keto acid stage. In the degra-| pis; 
dation of the keto acids, the derivatives were not obtained in crystalline 
form. As contaminants may have been present, or the degradation not C 
completely specific, the C“ values ascribed to the individual carbon atoms 2° 
are not as reliable as those for the crystalline porphyrins, the maleimides | ad 
and the hydrazones of the a-keto acids. It is considered that the activities = 
of the single atoms can be more correctly evaluated from the data found | 

for the analytically pure compounds. 

The C" activities of the crystalline degradation products reveal certain 
relationships among different parts of the porphyrin molecule. In the 
experiments in which methyl-labeled and carboxyl-labeled acetates were | 
used, all the C" activity of the porphyrin molecule resides in the products | 
obtained from the chromic acid oxidation of the porphyrin. 

The activity of pyrrole rings A and B is equal to that of pyrrole rings —— 
C and D (Tables I and II). In the carboxyl-labeled acetate experiment 
the methylethylmaleimide samples of both types of rings are used for this 
comparison, since the carboxyl group of rings C and D are highly radio- 
active and are not found in rings A and B (Tables I and II). Moreover Met 
the activities of the hydrazones of pyruvic and a-keto butyric acids, repre- 
senting, respectively, the methyl side and the vinyl side of the pyrrole 
ring from A and B, are equal and their sum is equal to the total activity yo. 
of the methylethylmaleimide. The same is true also for the two keto ti 
acids of C and D (Table II). Not only do all four hydrazones in each of Cat 
the experiments have the same activity, but the hydrazones contain the © 
same number of radioactive carbon atoms: 3 in the methyl-labeled acetate | 
experiment and only 1 in the carboxyl-labeled acetate experiment. There- |}, 
fore it is reasonable to expect that a definite pattern of activity exists | 
among these active carbon atoms and that comparable carbon atoms, «K 
i.e. those bearing corresponding numbers in the porphyrins (Fig. 1), would) =? 
have the same activities. As this seems to be the case (see Table J), it 
appears valid, especially in view of evidence presented below, to average 
the activities of comparable carbon atoms. We have done this and shall ih 
use these average values in this discussion. The average C™ activities | 
for each pair of carbon atoms, 6 and 9, 4 and 8, and 5 and 3, are given in a-K 
Fig. 2. The sum of the total activities for these three pairs of carbon 
atoms (see Fig. 2) is 2795 c.p.m. in the methyl-labeled acetate experiment, 
which is in good agreement with the values found for the total activity 
of each of the four keto acids, 2720, 2780, 2750, and 2740 ¢.p.m. (Table I). Py: 

In the degradation of the hemin, the pyrrole units are isolated as pairs, 
rings A and B and rings C and D, since pyrrole A is identical with B and 
pyrrole C is identical with D. However, the conclusions we have drawn 
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pure TaBLe I 
Zra-| Distribution of C'4 in Protoporphyrin from C'4-Methyl-Labeled Acetic Acid and from 
lline C\4.Carboxyl-Labeled Acetic Acid 

not Glycine labeled with 32 atom per cent excess N!5 was also added to the duck blood 


‘omg incubation mixture. The undiluted hemin samples contained 0.145 and 0.148 atom 























re ad cent excess N' in the experiments with C'4-methyl-labeled and C!4-carboxyl- 
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ment Mesoporphyrin | Total 34 699 |23,770| 123 | 2910 
; | porphy- 
a.dl10- rin 
sover Methylethylmaleimide | Rings A 7 830 | 5,810} 47 | 228 
epre- a | and B 
enclis Hematinie acid | Rings C 8 740 | 5,920) 234 | 1310 
sete | and D 
Avity Methylethylmaleimide from hema-| Rings C 7 863 | 6,040} 46 225 
keto tinic acid | and D 
of Carboxyl group of hematinic acid | C10, D10 1 80 80}1816 | 1260 
C 
n the Carboxyl group of hematinic acidt | C10, D10 1080 
tate! »p. ‘ — ao} 
“oe ae acid 2,4-dinitrophenyl- | - ~ 9 302 | 2,720} 16.4] 103 
zZ nydrazone 4, B4 
exists | A5, BB 
toms, a-Ketobutyric acid 2,4-dinitro- | A9, BY 10 278 | 2,780} 14.9} 104 
vould phenylhydrazone | A8, B8 
a | A3, B38 
I), it | A2, B2 
erage §=Pyruvie acid 2,4-dinitrophenyl- | C6, D6 9 306 | 2,750} 16.2} 102 
shall hydrazone | C4, D4 
vities C5, D5 
ven in a-Ketobutyric acid 2,4-dinitro- | C9, D9 10 274 | 2,740) 13.6) 95 
ashen phenylhydrazone | C8, D8 | 
| C3, D3 
ment, | C2, D2 
tivity | | | 
ble I). Pyruvie acid, carboxyl group A5, BB 0.71t X 7) 155 770 
pairs | 0.81f X 7 | 27.7| 109 
B: d a-Carbon atom of pyruvic acid A4, B4 1 | 973 | 973) 1.4 0 
ane | 8-Carbon atom of pyruvic acid | A6, B6 1 1207 1,210) 0.3 0 
drawn |! 











YIM 





324 MECHANISM OF PORPHYRIN FORMATION 


TasBLe I—Concluded 






































Methyl-labeled |Carboxyl-labeled | ~ 
| acetate acetate 
| | ee 
| Positions in | Factors to | | Cor- 
Compound analyzed | proto- | calculate | | Total pr 
| porphyrin — activity) Activity Z Activity! _ ac- 
| found | ("| found | tivity,* 
| @) (A x 
| 0.696 
(a) ® ©) | @olola| 
| c.p.m. | C.p.m. | c.pm, | C.p.m. 
Carboxyl group of a-ketobutyric | A2, B2 |0.69t x 7| fi 0 
acid 0.62 x 7 0.3 0 
a-Carbon atom of a-ketobutyric | A3, B3 1 776 776| 136 95 
acid 
B-Carbon atom of a-ketobutyric | A8, B8 1 854 854, 0.5 0 
acid | 
y-Carbon atom of a-ketobutyric | A9, B9 1 1185 | 1,190} 1.0 0 
acid 
Carboxyl group of pyruvic acid C5, D5 |0.815 X 7| 147 833 
0.81i X 7 26.7; 106 
a-Carbon atom of pyruvic acid C4, D4 1 811 Sit 2.2 0 
B-Carbon atom of pyruvic acid C6, D6 1 1005 | 1,010} 1.6 0 
Carboxyl group of a-ketobutyric | C2, D2 (0.71t x 7 5§| 0 
acid 0.74 xX 7| | 0.1, 0 
a-Carbon atom of a-ketobutyric | C3, D3 | 1 | 767§| 767) 126 88 
acid | | 
B-Carbon atom of a-ketobutyric | C8, D8 | 1 | 869§ 869} 0.2 0 
acid | | | 
y-Carbon atom of a-ketobutyric | C9, D9 | 1 | 1128§ 1,130} 1.9 0 
acid | | 





* Total activity found X 0.696 to make both experiments comparable (see ‘‘Ex- 
perimental’’). 

+ Calculated, difference between total activity of hematinic acid and methylethyl- 
maleimide derived from hematinic acid. 

t Corrections for incomplete oxidation (see ‘‘Experimental’’). 

§ This sample of a-ketobutyric acid 2,4-dinitrophenylhydrazone was diluted for 
subsequent degradation reactions. 0.079 gm. of the isotopic hydrazone was diluted 
with 0.145 gm. of a non-isotopic sample of the hydrazone. The activities were 
therefore multiplied by 2.83. 


from the data are concerned with each of the carbon atoms of each of 
the pyrrole rings. This appears to be valid since, as shown below, the 
biosynthetic mechanism for the dissimilar pairs of pyrrole rings is con- 
sidered to be the same and it is reasonable to expect that each pyrrole of 
each pair is made in the same manner. 
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TasB_eE II 
C'4 Activity of Fragments of Protoporphyrin Molecule 


—————— 





beled 











Total activity* 
Porphyrin fragment 
ee Methyl-labeled acetate | ae 
tal ww 
“rit 7 | C.p.m. c.p.m. 
,% | Porphyrin (mesoporphyrin) 23,770 2910 
696 | Rings A and B 
(g) Methylethylmaleimide 11,620 456 
“fs Pyruvie acid 5,440 206 
hi a-Ketobutyric acid 5,560 208 
0 | pyruvic acid + a-ketobutyric acidt 11,000 414 
95 Rings C and D 
| Hematinic acid 11,840 2620 
0 | Methylethylmaleimide 12,080 450 
Pyruvic acid 5,500 204 
. a-Ketobutyric acid 5,480 190 
| Pyruviec acid + a-ketobutyric acidt 10,980 394 
“a | Rings A ++ B+ C + Dt 23 ,460 3080 








* The total activities are those of Table I multiplied by 2, since the fragments 
are derived from pairs of pyrrole rings. 

} Addition of activities found for pyruvic and a-ketobutyric acids. 

t Addition of activities of methylethylmaleimide from rings A and B and hema- 
tinic acid from rings C and D. 
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Fic. 2. Average activities of comparable carbon atoms in all pyrrole units. The 
h of | activities are given in parentheses. The pyrrole unit represented contains a car- 
the boxyl group which is found only in rings C and D of protoporphyrin. 


con- From the data the following conclusions on the biosynthetic mechanism 


of porphyrin formation can be drawn. It can be seen from Table II that 
the total activity of the porphyrins biosynthetically produced from C™- 
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methyl-labeled and carboxyl-labeled acetate resides in the carbon atoms 
other than the methene bridge carbon atoms. This is consistent with the 
previous finding that the a-carbon atom of glycine is the source of the, 
methene bridge carbon atoms (2, 9). 

In Tables I and II it can be seen that the total activity of pyrroles 4| 
and B is equal to that of pyrroles C and D in hemin made from methyl. | 
labeled acetate. This comparison holds for pyrroles A and B and pyrroles 
C and D in hemin made from carboxyl-labeled acetate if one excludes, 
for the moment, those carboxyl groups in C and D which are not found * 
A and B. Also it can be seen from Table I and Fig. 2 that the carbon | 
atoms of A and B that occupy similar positions in C and D have the same | 
activities. This supplements our previous finding (2) that the wii 
atoms A2 and B2 (derived from the a-carbon atom of glycine) have the 
same activity as the carbon atoms C2 and D2 (also derived from the a-| 
carbon atom of glycine) and that both types of pyrrole utilize glycine’ 
nitrogen equally for their formation (6). All these findings are most readily 
explained by the hypothesis that in the biosynthesis of protoporphyrin a| 
pyrrole is formed which is the common precursor of both types of pyrrole | 
structure found in protoporphyrin. This was first suggested by Turner (23) | 
but no evidence has heretofore been offered. 

It can be seen from Table I that all the carbon atoms of protoporphyrin, 
with the exception of the 8 which originate from the a-carbon atom of 
glycine, are derived from acetic acid. The methyl group of the acetic| 
acid contributes more carbon atoms than the carboxyl group. This is in 
agreement with the previous finding that methyl-labeled acetate gave rise 
to hemin containing more C* activity than hemin from carboxyl-labeled 
acetate (4, 9). It can also.be seen from Table I and Fig. 2 that carbon 
atoms 4, 6, 8, and 9 in all four rings are derived from the methyl group of 











acetic acid, that carbon atoms 3 and 5 in all four rings are mainly derived | th 


from the methyl group of acetate and partly from the carboxyl group of 
acetate, and that carbon atoms C10, D10, the carboxyl groups of proto- 
porphyrin, are mainly derived from the carboxyl group of acetate and | 
partly from the methyl group of acetate. Radin, Rittenberg, and Shemin 
(4) have found that carbon atoms 4 and 6 are derived from the methyl 
group of acetate and that carbon atoms C10, D10 are derived from the 
carboxyl group of acetate. Muir and Neuberger (9) suggest that there is 
some utilization of the carboxyl group of acetate for one or both carbon 
atoms of the vinyl side chains. This was based on measurements of the 
C* activity of hemin derived from C™-carboxyl-labeled acetate and the 
deuterohemin (hemin minus the two vinyl groups) made from the labeled 
hemin. ‘This is contrary to our finding. The measurements in our paper 
are far more direct and do not rely on small differences. 
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Examination of the C™ activities of the different carbon atoms in the 
porphyrin reveals a pattern and relationship among these different carbon 
atoms. In the porphyrin made from methyl-labeled acetate, not only do 
the methyl group carbon atoms (A6, B6, C6, D6) of each pair of pyrroles 
have similar activities, but their activity is also equal to that of the ter- 
minal carbon atoms of the vinyl groups (A9, B9) and to the corresponding 
carbon atoms of the propionic side chains (C9, D9). The methyl-bearing 
carbon atoms in all the pyrrole rings (A4, B4, C4, D4) have the same 
activity as the proximal carbon atoms of the vinyl side chains of rings A 
and B (A8, B8) and their counterparts in the propionic acid side chains 
of rings C and D (C8, D8). Also the carbon atoms numbered 5 in the 


rrole rings (A5, B5, C5, D5) have the same activity as all the ring car- 
py 


bon atoms to which the longer side chains are attached (A3, B3, C3, D3) 
(see Table I and Fig. 2). Similarly, in the experiment with carboxyl- 
labeled acetate all carbon atoms numbered 5 and 3 have the same activity 
(see Table I). These data strongly suggest that not only are the two 
types of pyrrole unit in protoporphyrin made from the same precursors 
but also that in each pyrrole ring the same compound is utilized for the methyl 
side of the structure and for the vinyl and propionic acid sides of the structure. 


| This conclusion is supported by the finding, as pointed out earlier, that 
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the pyruvic acid and a-ketobutyric acid fragments of the pyrrole units 
have the same activities in the experiments with methyl-labeled acetate 
and that with carboxyl-labeled acetate (Tables I and II). 

On examination of the structure of protoporphyrin and in view of the 
quantitative distribution of C'* among the carbon atoms in the experi- 
ments, it can be seen that a 3-carbon atom compound would satisfy the 
data as the precursor of the methyl sides of the pyrrole units (carbon 
atoms 6, 4, and 5) and the same compound would also be consistent with 
the data as the precursor of the vinyl sides of pyrrole units A and B (ear- 
bon atoms 9, 8, and 3) if we exclude the carbon atom numbered 2, which 
is derived from the a-carbon atom of glycine. However, it would appear 
that a 4-carbon atom compound would be necessary as the precursor for 
the propionic acid sides (carbon atoms 10, 9, 8, and 3) of pyrrole units C 
and D, again exclusive of the carbon atom numbered 2. If, as suggested 
above, each side of each pyrrole unit utilizes the same compound, the 
precursor which condenses with glycine to form the pyrrole unit must be 
either a 3- or a 4-carbon atom compound. If a 3-carbon atom compound 
were utilized, subsequent carboxylations must have occurred on positions 
C9 and D9. On the other hand if a 4-carbon atom compound were 
utilized, decarboxylations must have occurred on all numbered 6 positions 
and on positions A9 and B9 subsequent to pyrrole formation. It can be 
decided which of these alternative mechanisms operates in the synthesis 
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of protoporphyrin by correlating some of the data obtained in the experi- 
ments with methyl-labeled and carboxyl-labeled acetate. This correlation 
is valid since the experiments were so carried out that the synthesis of 
heme from carboxyl-labeled acetate proceeded to the same extent as with| 
methyl-labeled acetate, for the N!® concentrations of the hemin samples in 
the two experiments were practically identical (0.148 and 0.145 atom per 
cent). 

The activities of the carboxyl group of the porphyrin (C10, D10) made 
from carboxyl-labeled acetate can be compared to that of the carbon 
atoms adjacent to the carboxyl group (C9, D9) of the porphyrin made 
from methyl-labeled acetate. (The activities of the two differently la- 
beled hemin samples are made comparable by application of a factor, as 
shown in experimental section and in Table I.) It can readily be seen 
from Table I that the activities of carbon atoms C10 and D10 ((1260 
+ 1080)/2 = 1170 ¢.p.m.) in protoporphyrin made from carboxyl-labeled | 
acetate are equal, with the limits of error, to those of carbon atoms ¢9| 
and D9 (1130 c.p.m.) in the porphyrin made from methyl-labeled acetate. | 
This equality, z.e. the same degree of dilution, makes it appear that the 
acetic acid enters as a unit and that the utilization of acetic acid for pyrrole | 
formation is via a 4-carbon atom compound. If C10 and D10 had been | 
introduced by carboxylation, the activity of these carbon atoms would! 
have been much lower. Moreover, it has been shown (4) that carboxyl- 
labeled acetate gives rise to labeled carbon dioxide in the system used and | 
that radioactive carbon dioxide is not incorporated into hemin (4, 24). 

As shown above, in the methyl-labeled acetate experiment the activities | 
of the methyl groups (A6, B6, C6, and D6) and the activities of the we: | 
minal carbon atoms of the vinyl groups (A9, B9) are equal to those of the 
corresponding carbon atoms of the propionic acid side chains (C9, D9). 
Therefore the activities of A6, B6, C6, and D6 and A9 and B9 (average 
activity, 1140 ¢.p.m.) are also equal to those of the carboxyl groups of 
heme (C10, D10) made from carboxyl-labeled acetate. It would appear, | 
therefore, from this distribution and the evidence of the utilization of 
acetic acid as part of a 4-carbon atom unit that in some intermediate stage | 
in the formation of protoporphyrin a pyrrole or porphyrin was formed | 
bearing carboxyl groups attached to the 4 methyl carbon atoms and to the 
terminal carbon atoms of the vinyl side chains. Further, it would appear 
that the common precursor pyrrole originally formed contained acetic acid 
and propionic acid side chains in its 8 positions (see Fig. 3). Although the 
evidence presented thus far makes it seem highly probable that each of 
the four pyrrole rings bore two carboxyl groups in some stage of synthesis 
and that a 4-carbon atom compound was utilized for pyrrole synthesis, 
more evidence will be furnished later for these conclusions. 








gly 


Rel 


XUM 


‘peri- 
ation 
sis of | 
with | 
les in| 
per 





made 
urbon 
made | 
ly la- 
or, as 
; Seen 
(1260 
beled | 
ns C9 
etate. | 
ut, the | 
yrrole | 
been | 
would | 
poxy!l- 
d and | 
4). 
ivities | 
1e ter: | 
of the 
, D9). 
verage 
ups of 
ppear, | 
ion of | 
> stage | 
ormed | 
to the 
appear 
ic acid 
gh the 
ach of 
nthesis 
thesis, 





D. SHEMIN AND J. WITTENBERG 329 


The data obtained from these acetate experiments can readily be ex- 
plained by assuming the participation of the tricarboxylic acid cycle in 
porphyrin formation. Acetic acid has been shown to be the direct source 
of the y-carbon atom and the y-carboxyl group of a-ketoglutaric acid 
(25-28). This compound is adduced in the following argument merely 


GOOH 
COOH GHe 
(te he 
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Fig. 3. Hypothetical scheme for formation of common precursor pyrrole from 
glycine and a succiny! derivative. 


TaBLeE III 


Relative Distribution of C14 Activity in Carbon Atoms of a-Ketoglutaric Acid Resulting 
from Utilization of C'4-Labeled Acetate in Tricarboxylic Acid Cycle 
The results are expressed in counts per minute. 
































From C-methyl-labeled acetate (activity | From C'-carboxyl-labeled acetate (activity 
of methyl group = 10 c.p.m.) of carboxyl group = 10 c.p.m.) 
a-Ketoglutaric 
acid No. of cycles in tricarboxylic acid cycle 
Ist 2nd 3rd « 1st 2nd | 3rd | ) 
COOH 0 0 0 0 10 10 | 10 10 
| | | 
| | 
CH: 10 10 10 10 0 0 | 0 0 
| | 
CH, 0 5 7.5 10 0 ey 0 | 0 
| | | 
C=O 0 | 58 7.5 | 10 0 ei) 4 
| | | 
| | | | 
COOH a) Oo | BS | 5 0 | 5 | 5 5 





to exemplify the possible participation of the tricarboxylic acid cycle as a 
whole in this synthesis.. If one starts with methyl-labeled acetate with a 
relative activity of 10 in the methyl group after endogenous dilution, the 
a-ketoglutarie acid formed on the first turn of the cycle would contain C™ 
activity only in the y-carbon atom, and the relative activity would be 10 
(see Table III). When it has been converted to the symmetrical succinic 
acid, the activities of the methylene carbon atoms would (dilution by 
endogenous succinic acid being ignored) be 5 and 5 and those of the oxal- 
acetate eventually formed would contain half of the activity of the y-car- 
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bon atom of the a-ketoglutarate. The recycling of this oxalacetate with 


the labeled acetate would result in a-ketoglutarate having the relative | 
activities shown in Table III. If a-ketoglutarate or an unsymmetric com- | 


pound derived from it were utilized for heme synthesis after a finite num- 
ber of cycles, most of the carbon atoms of the heme would contain C™, 
Moreover, the porphyrin carbon atoms originating from the y position of 
the a-ketoglutarate would have the highest activity and the 2 adjacent 


carbon atoms in the heme would theoretically have somewhat lower but | 


equal activities. It can be seen from Table I and Fig. 2 that a pattern 


exists on both sides of each pyrrole unit, consisting of 3 carbon atoms, 1 | 


with the highest activity and 2 adjacent carbon atoms having somewhat 
lower activity. The comparable carbon atoms numbered 6 and 9 have 
the highest activities and the carbon atoms numbered 4 and 5 on the 
methyl side and 8 and 3 on the opposite side have somewhat lower ac- 
tivities. The relationship of activities of carbon atoms numbered 6 and 4 
was in agreement with that previously found (4). However, the compar- 
able carbon atoms numbered 4 and 8 are slightly more active, on the aver- 
age, than those numbered 5 and 3. This inequality of activities of these 
carbon atoms (numbered 4 and 8; 5 and 3) would at first suggest that the 
tricarboxylic acid cycle is not functioning as postulated theoretically 
above. However, carbon atoms numbered 5 and 3 are also in part derived 
from the carboxyl group of acetate (Table I and Fig. 2) and when corrected 
for this dilution, the average activities of these two pairs of adjacent car- 
bon atoms are equal. The contribution of the carboxyl groups of acetate 
to positions 5 and 3 is 100 counts on the average. The addition of 100 
counts to these carbon atoms having an average activity of 788 c¢.p.m. 
gives a total of 888 c.p.m., a figure close to the 877 c.p.m. found for the 


average activity of carbon atoms 4 and 8 in the product from methyl- | 


labeled acetate (see Fig. 2). Therefore it would appear that acetate is 
utilized through the tricarboxylic acid cycle, and the relative activities 
found fit those theoretically predicted on the basis of the distribution of 
activities in a-ketoglutarate. 

The distribution of activity in the porphyrin in both experiments elimi- 
nates the dicarboxylic acids (succinate, fumarate, malate, oxalacetate) and 
pyruvic acid as direct precursors of the porphyrin. Carboxyl-labeled 
acetate would label equally the carboxyl group of these dicarboxylic acids, 
and, if any of these acids were utilized directly, the carboxyl groups of 


protoporphyrin (C10, D10) and the carbon atoms numbered 3 and 5 would , 


have had equal activities. If pyruvate formed in the methyl-labeled 
acetate experiment was utilized for porphyrin formation, carbon atoms 6, 
4, 9, and 8 would be equally labeled, whereas carbon atoms 5 and 3 would 
be lower than carbon atoms 4 and 8. 
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Lemberg and Legge (29) have suggested that 2 moles of a-ketoglutaric 
acid condense with glycine, with the elimination of the a-carboxyl group 
of the keto acid to form a pyrrole bearing acetic acid and propionic acid 
side chains. Muir and Neuberger (9) have adopted the suggestion of 
Lemberg and Legge with a modification. They believe that the keto 
acid condenses with hydroxyaspartic acid, since it has been shown that 
8 a-carbon: atoms of glycine are utilized in porphyrin formation. How- 
ever, this view is incompatible with the distribution of the a-carbon of 
glycine in the porphyrin (2). 

Our data also appear to eliminate a-ketoglutaric acid as an immediate 
precursor of the porphyrin. The mode of utilization of carboxyl-labeled 
acetate in the tricarboxylic acid cycle would result in a-ketoglutaric acid 
labeled only in both carboxyl groups, even after repeated cycles (see Table 
III) (27, 28). If a-ketoglutaric acid were directly utilized, with the elimi- 
nation of the a-carboxyl group, the protoporphyrin would contain C 
only in the carboxyl group. Actually, however, carbon atoms numbered 
3 in the porphyrin contain some C'*. These atoms correspond to the car- 
bonyl carbon atom of a-ketoglutaric acid and should contain no C™ unless 
the conversion of a-ketoglutaric acid to succinic acid were reversible. 
From the best evidence to date it would appear that this reaction is ir- 
reversible in higher animals, and until this reaction is shown to be rever- 
sible another intermediary compound must be postulated. 

The postulated unsymmetric 4-carbon intermediate mentioned above 
must take into account the finding of some activity in carbon atoms 3 and 
5 in the experiment with carboxyl-labeled acetate. The low activity in 
carbon atoms 3 and 5, in conjunction with the high activity in the car- 
boxyl groups of heme produced from carboxyl-labeled acetate, can be 
explained by presupposing that the compound utilized is derived in greater 
part from an unsymmetrical compound and in lesser part from a sym- 
metrical compound. 

A 4-carbon atom unsymmetric intermediate arising from both a-keto- 


| glutaric and succinic acids would explain our findings. This compound 


may be the semialdehyde of succinic acid (30) or, more likely, a succinyl- 
coenzyme complex. The succinyl-coenzyme complex may be formed in a 
manner analogous to the formation of acetyl coenzyme A from both pyru- 
vate and acetate (31, 32). a-Ketoglutaric acid labeled in both carboxyl 
groups would on decarboxylation yield a succinyl derivative labeled only 


| in the carboxyl group. This compound in turn would be oxidized to 


succinic acid, a symmetrical compound. If the latter reaction is reversible 
(XOC—CH.—CH:,—COOH + HOOC—CH:;—CH:—COOH), the suc- 
cinyl derivative arising from the symmetrical succinate would contain 
equal activity in the carboxyl group and in the other terminal carbon 
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atom. However, since the succinyl derivative is presumably formed more 
extensively from a-ketoglutarate than it is from succinate, the carboxy] 
group of the pooled intermediate arising from both processes would con- 
tain more activity than the other terminal carbon atom. 2 molecules of 
the succinyl derivative may then condense with glycine to form a pyrrole 
containing a carboxymethyl group and a carboxyethyl group in its 8 
positions (see Fig. 3). 

Corroborative evidence for the formation of an unsymmetrical 4-carbon 
compound from a-ketoglutarate and succinate was obtained in the experi- 
ment with methyl-labeled acetate. As shown in Table III, methyl-labeled 
acetate is converted to a-ketoglutarate with C™ activity in all its carbon 
atoms except the y-carboxyl group. However, the carboxyl groups of 
protoporphyrin made from methyl-labeled acetate have C™ activity equiv- 
alent to that found in positions 3 and 5 in protoporphyrin made from 
carboxyl-labeled acetate (Table I). ‘The same mechanism described above 


would account for this finding. However, an alternative explanation can | 


be advanced, namely the conversion of pyruvate to acetate, but this con- 
version does not take place appreciably in this biological system (4). 

The formation of protoporphyrin may therefore be visualized as follows 
(Fig. 3): Four of these mono-pyrroles are condensed, with the loss of the 
a-carboxyl group of the pyrrole and with the addition of a compound 
originating from the a-carbon atom of glycine by a mechanism outlined 
previously (2). The tetrapyrrole first formed would be uroporphyrin III, 
which by decarboxylation of the carboxymethyl side chain would be con- 
verted to coproporphyrin III. The latter by decarboxylation and de- 
hydrogenation of the propionic acid side chains of pyrroles A and B would 


yield protoporphyrin. An alternative pathway may be suggested, in | 


which the first decarboxylation occurs at the monopyrrole stage. De- 
carboxylation of the carboxymethyl group and condensation of these 
derived pyrrole compounds would result in the formation of copropor- 
phyrin, thus by-passing uroporphyrin. It has been pointed out (33) that 


this sequence is compatible with all the facts known. It is significant that , 


the side chains of all the naturally occurring porphyrins can theoretically 
be derived from carboxymethyl] and carboxyethyl groups. 


SUMMARY 


Whole duck blood was incubated with acetic acid labeled with C" in 
the carboxyl group and with acetic acid labeled with C™“ in the methyl 
group. The heme resulting from each of these acids was degraded in 
order to locate the positions of the isotopic carbon atoms that originated 
from acetic acid. The degradation was so carried out that each carbon 
atom from each pair of pyrrole rings (A and B; C and D). could be traced 
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individually. It was concluded that both types of pyrrole in protopor- 
phyrin are derived from a common precursor pyrrole. All the carbon 
atoms of the porphyrin, except the 8 (carbon atoms 2 and the bridge car- 
bon atoms) originally present in the methylene group of glycine, can be 
derived from acetic acid. The results further show that in protoporphyrin 
the groupings comprising, respectively, carbon atoms numbered 6, 4, 5 
and 9, 8, 3 probably originate from one and the same compound. This 
compound contained a carboxyl group, from which the carbon atoms num- 
bered 10 originated, which during the synthesis of protoporphyrin was 
lost from all 4 carbon atoms numbered 6 and 2 of the carbon atoms num- 
bered 9. 

The relative distribution of the C“ activities among the carbon atoms 
of the porphyrin can be explained by the utilization of acetate for por- 
phyrin formation through a compound arising from the tricarboxylic acid 
cycle. This compound is not succinate, fumarate, malate, oxalacetate, 
pyruvate, or acetoacetic acid, nor, if the a-ketoglutarate-succinate reaction 
is irreversible, can it be a-ketoglutarate. The precursor utilized for pyr- 
role formation is thought to be an unsymmetrical 4-carbon compound 
which can arise both from a-ketoglutaric acid and succinic acid. It is sug- 
gested that this compound is a succinyl derivative, possibly a succinyl-co- 
enzyme complex, formed from succinate as well as by oxidative decarbox- 
ylation of a-ketoglutarate. 

A mechanism is proposed wherein 2 moles of the succinyl derivative 
condense with glycine to yield a-carboxy-8-carboxymethyl-6’-carboxyethyl- 
pyrrole, and it is suggested that four of these pyrroles condense to form a 
porphyrin which is converted to protoporphyrin by decarboxylation and 
dehydrogenation. 
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RAPID ESTIMATION OF THEORETICAL COUNTER-CURRENT 
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The usefulness of the Craig counter-current distribution technique (1, 2) 
for studying the purity of compounds and the metabolic fate of therapeutic 
agents can be augmented by deriving the theoretical distribution values 
from the “Tables of the binomial probability distribution” (3). By use 
of such tables, which only recently have become generally available, labori- 
ous calculation of theoretical counter-current values can be reduced to a 
minimum. Thus, the plotting of theoretical distribution curves for any 
number of transfers in the manner described by Williamson and Craig (4) 
is greatly facilitated. 

As proposed by Williamson and Craig (4), the fraction of a solute present 
in a given tube on completion of the fundamental procedure can be calcu- 
lated by expanding the binomial 








) . a 
K+1 Bb K+1 
the individual terms of which may be denoted as 
n! { 1 n 
™ ten = (ea) © 


forr = 0, 1, ... , where 7,,,, represents the fraction of the total material 
in the rth tube distributed through n tubes, and K is the distribution con- 
stant or partition ratio, expressed as the concentration of the solute in the 
upper phase over that of the lower phase. From one particular term, the 
successive terms may be determined by the relationships 





(3) T, = notes “KT e1 
or 
r+11 
4 = oT’, 
(4) i + ae 
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Obviously, the calculation of such terms for various values of K is rather 
laborious and becomes more involved with an increasing number of trans- 
fers. Consequently, an approximate method of calculation is usually em- 
ployed in such instances (8). 

Lieberman (5), by use of a logarithmic expression for the recursion 
formula (3), has reduced the computational labor to an appreciable extent. 
By obtaining the logarithm of the initial term, 7'5, the successive values of 
log T, are then derived by simple addition. However, considerable com- 
putation is still necessary and the method retains the disadvantage that 
any initial error in computation will affect all subsequent calculations. 
For example, in Lieberman’s Table III for K = 0.9, the error made in 
calculating the theoretical distribution for r = 16 persists through the 
subsequent r values calculated. 

In contrast, by using the ‘“Tables of the binomial probability distribu- 
tion” (B. P. D. tables), once n is specified, all the terms 7’,,, may be ob- 
tained directly by reading columnwise across the table. Furthermore, in a 
particular column for a specified n and r, the corresponding terms for 50 
derived values of K are given, and, by a slight manipulation, an additional 
50 values can be obtained. Since the values of the individual terms are 
tabulated to seven decimal places, the accuracy is greater than that re- 
quired experimentally. 

In the B. P. D. tables are tabulated the (n + 1) successive individual 
terms of the binomial expansion 


: (°)e 
a 


r ranging from 0,1,...randq = 1-— p. This is simply another way of 
expressing Equation 2 if, in particular, we set p = K/(K + 1) and q = 
1/(K + 1). It may be noted, of course, that the combinatorial factor (7) 
is equal to n!/r!(n — r)!. Thus we have for Equation 5 


n n! ) eS. 1 as n! 1 "Kr r 
rqr? = — —— ——— = - __—— => at 
r per * rin — DAK +1/\K +1 rin — r)\K +1 


T,,. can be obtained, therefore, by direct reference to the B. P. D. 
tables. It is only necessary then to adjust the values of K to conform 
with those of p in the B. P. D. table. Thus, since K = p/(1 — p) = (1 
— q)/q, when p = 0.50 = q, K = 1.0; likewise, when p = 0.20, q = 0.80, 
K = 0.25, etc. Since the range of p and q in the tables is from 0.01 to 
0.50 at intervals of 0.01, it is possible to obtain 100 corresponding values 
of K. These have been computed and the data are given in Table I. 

If, for example, we wish to obtain the fraction for Tube 12 of twenty- 
four transfers, for K = 1, this is equivalent to considering Mquation 5, 
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evaluated for n = 24, r = 12, and p = 0.5 = q, or Taa2 = (32)(0.5) X 
(0.5)'* = 0.1611802. Instead of direct calculation, the answer is obtained 
by merely referring to the B. P. D. tables for n = 24, r = 12, and p = 0.50. 

In order to obtain the corresponding T,,,, for p greater than 0.50 (K > 1), 


TABLE | 
Calculated Values for K 
The values correspond to assigned values of probability, p, in “Tables of the bi- 


nomial probability distribution.” K = p/(1 — p) = (1 — q)/g. 




















|e oraT K(<1) K(>1) |e orat K(<1) | K(>1) 
0.01 0.0101 99.000 0.26 0.3514 2.846 
0.02 0.0204 49.000 0.27 0.3699 2.704 
0.03 0.0309 32.333 0.28 0.3889 | 2.571 
0.04 0.0417 24.000 0.29 0.4085 | 2.448 
0.05 0.0526 19.000 0.30 0.4286 | 2.333 
0.06 0.0638 15.667 0.31 0.4493 | 2.226 
0.07 0.0753 13.286 0.32 0.4706 2.125 
0.08 0.0870 11.500 0.33 0.4925 | 2.030 
0.09 0.0989 10.111 0.34 0.5152 | 1.941 
0.10 0.1111 9.000 0.35 0.5885 | 1.857 
0.11 0.1236 8.091 0.36 0.5625 | 1.77 
0.12 0.1364 7.333 0.37 0.5873 1.703 
0.13 0.1494 6.692 0.38 0.6129 1.632 
0.14 0.1628 6.143 0.39 0.6393 1.564 
0.15 0.1765 5.667 0.40 0.6667 1.500 
0.16 0.1905 5.250 0.41 0.6949 1.439 
0.17 0.2048 4,882 0.42 0.7241 1.381 
0.18 0.2195 4.556 0.43 0.7544 1.326 
0.19 0.2346 4,263 0.44 0.7857 1.273 
0.20 0.2500 4.000 0.45 0.8182 | 1.222 
0.21 0.2658 3.762 0.46 0.8519 1.174 
0.22 0.2821 3.545 0.47 0.8868 | 1.128 
0.23 0.2987 3.348 0.48 0.9231 | 1.083 
0.24 0.3158 3.167 0.49 0.9608 | 1.041 
0.25 0.3333 3.000 0.50 1.0000 | 1.000 
0.51* 








*For p > 0.50 use gq and the column K > 1. 
since the expression (7)p’q"~" is equal to (,",)q"-"p", it is only necessary 
to interchange the values of p and q and those of r and (n — r) and then 
refer to the table with these revised values. ‘Thus, if we require the term 
r= 16, = 24, and K = 4 (p = 0.80), it is easily seen that the B. P. D. 
table can be entered for the corresponding values r = 24 — 16 = 8,n = 24, 
and p = 1 — 0.80 = 0.20, and so the value for the term (%')(0.20)8(0.80)"* 
is 0.0529963. 
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For any selected value of K (or p) the successive fraction for any tube 
may be obtained by reading across columnwise for the respective r values 
for a particular n. Furthermore, in any particular column, 7.e. for a speci- 
fied n and r, we may also obtain all the T’, ,, values corresponding to various 
values of K (or p). This gives a wide range of values for K and allows 
for accurate plotting of theoretical distribution curves. 

The range for n in the B. P. D. tables is from 2 to 49. For counties | 
current distribution involving transfers in excess of forty-nine, as with the | 
fifty-four plate machine, it is mentioned in the introduction to the tables | 
that similar tables are available elsewhere for a range of n from 1 to 150. 


(Fre 


| inj 


We are grateful to the Division of Research Grants and siete 
National Institutes of Health, for the support of our studies. 


SUMMARY 


Theoretical counter-current distribution values were rapidly obtained 
from the ‘Tables of the binomial probability distribution” by merely ad- 
justing partition ratios to conform with assigned values of the probability, 
p, in the tables. From these values a series of graphs can be plotted for 
any number of transfers in a counter-current distribution, thus obviating 
involved calculations in the fitting of any experimental curve. 
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THE CLEAVAGE OF ADENOSINE, CYTIDINE, AND 
XANTHOSINE BY LACTOBACILLUS PENTOSUS* 


By T. P. WANG anp J. O. LAMPEN 


(From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, February 21, 1951) 


Nucleosidases are known to occur in the tissues of many animals (2-8), 
in yeast (9), and in the bacterium Escherichia coli (10-13). Experiments 
with a large variety of tissues have shown that the purine nucleosides 
are cleaved by enzymes distinct from those which attack the pyrimidine 
nucleosides. The purine nucleosidases have been generally reported to 
attack guanosine and inosine but not adenosine or xanthosine (6, 8, 14). 
Because of this specificity, it has been postulated that guanosine and ino- 
sine are intermediates in the metabolism of the purine ribosides (15). It 
is also of interest to note that the purine nucleosidase of certain animal 
tissues can attack both ribosides and desoxyribosides at the same rate 
(7, 16). 

All studies with pyrimidine nucleosidases of animal tissues and of E. 
coli suggest that cytidine cannot be directly attacked. Deutsch and Laser 
(5) reported that uridine and thymidine were split at approximately equal 
rates, although Klein has claimed that in general the pyrimidine nucle- 
osidase or nucleosidases have a greater activity on ribosides (7). 

During studies on the nutrition of Lactobacillus pentosus it was noted 
that uridine promotes the growth of this organism as effectively as uracil, 
whereas thymidine is much less active than thymine.' This suggests that 
L. pentosus contains an enzyme which can split uridine but not thymidine. 
The present investigation was designed as a search for this new pyrimidine 
nucleosidase. The results presented here show that L. pentosus contains 


} not only a pyrimidine nucleosidase with a specificity not previously ob- 


served but new types of purine nucleosidases as well. 


Materials 


The thymidine, cytosine desoxyriboside, and hypoxanthine desoxyribo- 
side used in this study were furnished by Dr. L. A. Manson of this labora- 


* This paper is based upon work performed for the Biological Department, Chem- 
ical Corps, Camp Detrick, Frederick, Maryland, under contract No. W-18-064-OM- 
241 with Western Reserve University. A preliminary report of this work was made 
at the annual meeting of the Federation of American Societies for Experimental 
Biology at Atlantic City, New Jersey, April, 1950 (1). 

‘Lampen, J. O., unpublished data. 
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tory, and the ribosylthymine (17) was generously supplied by Dr. D. W. 





Visser of the University of Southern California School of Medicine. All | 


other nucleosides and the purine and pyrimidine bases were commercial 
products. The adenosine deaminase (free of nucleosidase and adenine de- 
aminase) was the gift of Dr. H. Z. Sable, Tufts College Medical School, 
Boston, Massachusetts. 


EXPERIMENTAL 


The organism used in this study was L. pentosus 124-2, The stock cul- | 
tures were carried as stabs in the yeast extract-glucose agar of Krueger | 
and Peterson (18). 


Preparation of Resting Cells and Cell-Free Extracts—The inoculum was | 


prepared by transferring cells from a stab culture into a medium containing | 
(per 100 ml.) 0.5 gm. of Difco yeast extract, 0.5 gm. of Difco peptone, | 
1 gm. of glucose, 1 gm. of sodium acetate, 0.5 gm. of KH2PO,, 0.02 gm. | 
of MgSO,-7H.0, 0.001 gm. of NaCl, 0.001 gm. of FeSO,-7H,.0, and 0.001 
gm. of MnSO,:4H,0. All incubations were at 37°. 10 ml. of a 20 hour | 
culture were added to a liter of the same medium. After 20 to 24 hours 
of incubation the cells were harvested by centrifugation and washed once 
with 1 per cent KCl. The yield of wet cells is 4 to 5 gm. per liter. 

The cell-free extracts were prepared by grinding the cells with powdered | 
glass (19). The resulting paste was extracted with 5 ml. of 0.1 m phos- 
phate buffer, pH 7.6, per gm. of initial wet cells. The insoluble residue 
was removed by centrifugation at 20,000 X g for 20 minutes. 

General Incubation Procedures—All experiments were performed at 37°. | 
Samples were taken at the intervals indicated in Tables I and II and de- 
proteinized immediately with an equal volume of ice-cold 4 per cent per- 
chloric acid. After centrifugation, the supernatant fluid was neutralized 
at once with solid NaHCO; (final pH 6.5 to 7.0). All analyses were car- 
ried out on the neutral supernatant. Reducing sugar was determined by 
Nelson’s method (20) and desoxypentose according to Stumpf (21). No | 
reducing sugar was found in samples taken at zero time. Thus the de- | 
proteinization procedure does not hydrolyze the nucleosides. Hypoxan- 
thine was determined by the use of xanthine oxidase (22). In some ex- 
periments the cleavage of uracil nucleosides was followed directly in the 
Beckman spectrophotometer (model DU) by measuring the decrease in 
absorption at 270 my. According to our data, the theoretical Aes79 for 
uridine — uracil is —3000. 

The data presented have been corrected for the small changes observed 
in the absence of added substrates. 

Experiments with Resting Cells—Uridine and thymidine were incubated 
separately with resting cells of L. pentosus in arsenate buffer. The results 
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are shown in Table I. About 50 per cent of the uridine was split in 1.5 
hours. Under the same conditions no cleavage of thymidine could be 
demonstrated. These results have been confirmed by spectrophotometric 
measurements. In the experiment with uridine the original spectrum of 


TABLE I 
Action of Resting Cells of L. pentosus on Uridine and Thymidine 
Each substrate was incubated with 75 mg. of cells (wet weight) at 37° in a total 
volume of 10 ml. Arsenate buffer (pH 7.7) was used at a final concentration of 























0.05 m. 

Reducing sugar Total desoxypentose 

Substrate Amount 
0 hr. 1.5 hrs. 0 hr. 1.5 hrs. 
uM uM uM pM uM 
L000 10. eee 39.7 0 20 
"EHYMIGMG....6. 65566. 6 41. 0 0 42.6 41.6 
TaBLeE II 


Formation of Reducing Sugar from Nucleosides by Extract of L. pentosus 


Arsenate buffer (0.05 m) of pH 7.5 was used. Each incubation contained 1 ml. 
of extract in 10 ml. of total volume. 




















Reducing sugar 
Substrate Amount 
1.5 hrs. 5 hrs. 
uM BM BM 
LOS GO, 5G aU TER ORT Le one ee 6, 14.7 10.3 14.8 
SULT GCI Senet meee ne oe eee: Mel ogee mts 14.1 8.0 14.3 
LESS) CCL Oe ene ge ae SER ne Re ar ae ee D 15.1 13.0 16.2 
Hypoxanthine desoxyriboside............... 16.9 0.9 
DSTI] OSL Ce aa EO eR et 13.7 4.8 | 7.0 
ORCC) (6 1 CSG Re Sa 16.1 15.8 | 
Cytosine desoxyriboside.................... 17.2 0 | 
SED ORY NGM ANEEIO a. 55-5 ¢.a:5.6. 0.00010 cod weer onterarata 14.0 | 0 
JUSG1770 117 CA ee ema re ae acs 15.5 | 0 
Pe ae rugs dle aad a ease sesh Re Waa ce RES 16.1 | 16.0 


Uridine 





uridine changed to one corresponding to a mixture of uridine and uracil, 
whereas no change of spectrum occurred with thymidine. 

Experiments with Cell-Free Extracts—The formation of reducing sugar 
in arsenate buffer was used as a measure of the activity of these extracts 
on various nucleosides. These data are summarized in Table II. 

Several significant features of these data may be pointed out: (1) ade- 
nosine, cytidine, and xanthosine are split, in addition to guanosine, inosine, 
and uridine; (2) the ribosides are attacked rapidly, whereas the corres- 
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ponding desoxyribosides are attacked slowly if at all (cf. inosine versus 
hypoxanthine desoxyriboside,? cytidine versus cytosine desoxyriboside, uri- 


dine versus uracil desoxyriboside*); (3) ribosylthymine, a nucleoside not | 


known to occur naturally, is not cleaved by the extract. 

The chief question concerning the cleavage of adenosine and cytidine 
is whether the formation of reducing sugar occurs by a direct split (Scheme 
a) or via preliminary deamination (Scheme 6) as reported for enzyme prep- 


nucleosidase 








(a) Adenosine — adenine + ribose 
arsenate 
ae nucleosidase , 
Cytidine —» cytosine + ribose 
arsenate 





, i ee nucleosidase ‘ ‘ 
(b) Adenosine deaminase | inosine — hypoxanthine + ribose 


arsenate 
Mes deaminase spi nucleosidase ‘ 
Cytidine ———————» uridine ——————_y uracil + ribose 
arsenate 


arations from other sources. Several observations show that cleavage oc- 
curs according to Scheme a. First, the spectral changes during incubation 
correspond to those expected from Scheme a. If adenosine were cleaved 
by the indirect process (Scheme b), the final spectrum would be that of 
hypoxanthine. The spectrum obtained after incubation corresponds, how- 
ever, to that of adenine. The same reasoning can be applied to cytidine: 
if cytidine were split via Scheme b, one would expect uracil as the final 
product. Actually the spectrum obtained after 1.5 hours incubation of 
cytidine is undoubtedly that of cytosine (Fig. 1). 

Secondly, no cytidine or adenosine deaminases could be detected in these 
extracts of L. pentosus by spectrophotometric methods (23, 24). 

Thirdly, we have isolated adenine in good yield as adenine picrate from 
the incubation products of adenosine. The adenine was precipitated from 
the perchloric acid supernatant (before neutralization) with Ag»SO,. The 
silver was removed with H.S and the H,S, in turn, removed by aeration. 
The adenine was then precipitated as the picrate (25). The following 
melting points were obtained: the isolated picrate (recrystallized three 
times from hot water), 283-286° (uncorrected); known adenine picrate, 
285-286°; mixed melting point, 283-285°. 

Hypoxanthine was formed in good yield if the adenosine was incubated 
with a purified preparation of adenosine deaminase before addition of 


2 This difference in the rate of cleavage was confirmed in independent experiments 
in which free hypoxanthine was determined. 

3A solution of uracil desoxyriboside, prepared by enzymatic deamination of cy- 
tosine desoxyriboside (24), was tested by the spectrophotometric procedure. The 
rate of cleavage was much less than that of uridine under identical conditions. 
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the nucleosidase. The data of Table III illustrate this. No detectable 
amount of hypoxanthine was formed without the prior deamination. 

In addition, the formation of cytosine from cytidine was demonstrated 
by paper chromatography. Samples of heated filtrates were chromato- 
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Fic. 1. Spectral change during the incubation of cytidine with L. pentosus ex- 
tract. The experimental details were the same as in Table II. 0.2 ml. of neutral- 
ized perchloric acid supernatant was buffered with 2.8 ml. of 0.1 m phosphate 
buffer (pH 7.0) and the absorption spectra were determined against a control in- 
cubation without cytidine. 


TaB_eE III 
Absence of Hypoxanthine As Product of Adenosine Cleavage by Extracts of 
L. pentosus 
Each cuvette contained 0.179 um of adenosine in arsenate buffer (pH 7.5, final 
concentration 0.05 m). The total volume was 3.0 ml. 














aa oe Bazyme addition ae | 
min. | pM 
1 L. pentosus extract (0.1 ml.) 0 | 
Xanthine oxidase (0.1 unit) 15 | 0 
2 Adenosine deaminase (0.05 ml.) 0 
L. pentosus extract (0.1 ml.) 10 | 
Xanthine oxidase (0.1 unit) 25 | 0.163 





graphed by the technique of Hotchkiss (26). The rate of movement on 
a paper strip of the base obtained from cytidine is identical to that of cyto- 
sine and different from that of uracil, as indicated in Fig. 2. 

The splitting of xanthosine was confirmed in several experiments. Re- 
ducing sugar was formed only when xanthosine was incubated with the 
unboiled extract. This indicates that the cleavage is enzymatic in nature. 
Perchloric acid filtrates prepared at zero time and after 5 hours incubation 
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(Table II) were examined in the Beckman spectrophotometer (Fig. 3). | Hov 
The initial spectrum corresponded to that of xanthosine. The spectrum | expe 
after 5 hours agreed well with that calculated for a mixture of 7.0 parts of | cent 
xanthine and 6.7 parts of xanthosine. This calculated curve (Fig. 3) has | Nak 

| with 
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Fic. 2. Drawing of the paper chromatogram of incubation products of cytidine. at ( 
1, for this experiment a sample of the incubation mixture (see Table II) was re- did 
moved at 1.5 hours, boiled, and filtered; 2, same as 1 with added uracil; 3, same as or a 
1 with added cytosine. The zones indicate dark spots observed under a mercury tha 
lamp with a Corning No. 9863 filter (27). inh: 
10 r | Alu 
\ nifi 
os 

' 
a6 nos 
WwW | to | 
Ar 
- eit 
out 
02 ade 
ma 
; ph: 
235.245. +255.~+«265.~«275 ~-285 sin 
MU Th 
Fig. 3. Spectral changes during the incubation of xanthosine with L. pentosus pre 
extract. The experimental details were the same as in Table II and in Fig. 1. sib 
The dotted line indicates the spectrum of a mixture of 7.0 parts of xanthine and : 
6.7 parts of xanthosine (see the text for explanation). sa 
been made normal to the observed extinction at 270 mu of the 5 hour fil- dir 

trate. The cleavage products obtained in arsenate buffer appear then to 
be free ribose and xanthine. iis 
General Properties of Enzymes—The nucleosidases of L. pentosus have ‘ai 
several interesting properties. No significant loss of activity was observed po! 
during 1 year when the crude cell-free extract was stored at —20°. Re- aly 
peated freezing and thawing also did not appreciably affect the activity. ho 
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3). | However, the enzymes are very easily inactivated by other treatment. In 

im experiments with uridine as the test substrate it was observed that 90 per 

of | cent of the activity was lost when the extract was dialyzed against 0.02 m 

1as | NaHCOs, pH 7, at 1° for 5 hours. The NaHCO; solution was prepared 

| with glass-distilled water. The inactivation, therefore, was not due to the 

action of heavy metals. The activity of the dialyzed extract could not be 

restored by adding either phosphate, arsenate, or a boiled undialyzed ex- 

tract. (Similar results were obtained with adenosine as substrate.) This 

is in contrast to the properties of the enzyme obtained from animal tissues 

as reported by Klein (7) and Kalckar (8). 70 per cent of the activity was 

lost on standing at 5-7° for 24 hours. Heating the extracts for 1 minute 

ne, ) at 60° prevented the loss of activity on subsequent incubation at 5-7° but 

re. | did not affect the inactivation by dialysis. Fractionation with (NH4)2SO, 

. as | oralcohol has not yielded active materials. Control experiments indicated 

ury | that 0.1 m (NH,4)2SO, and 0.1 M NaF (tested with adenosine as well) do not 

inhibit the action of the enzymes. The enzyme was not adsorbed by 

Alumina A-303 (24) at pH 5.6, 6.2, 7.6, and 8.1, nor was there any sig- 
nificant purification by this procedure. 


DISCUSSION 


The present study indicates that nucleosidases which can attack ade- 
nosine, xanthosine, and cytidine do exist in nature. There is no reason 
to believe that these types of nucleosidases are present only in L. pentosus. 
Amberg and Jones (28) have isolated adenine but not hypoxanthine from 
either autolyzed compressed yeast or autolyzed yeast powder with or with- 
out added yeast nucleic acid. This strongly suggests the presence of an 
adenosine nucleosidase in yeast. Recently Friedkin (29) reported the for- 
mation of xanthine desoxyriboside from xanthine and desoxyribose-1-phos- 
phate by rat liver nucleoside phosphorylase. Thus the emphasis on guano- 
sine and inosine in the metabolism of purine ribosides becomes unnecessary. 
The unusual instability of the enzymes described here towards purification 
procedures commonly used in enzyme chemistry may be partially respon- 
sible for the previous failures to discover nucleosidases of this type in 
animal tissues. 

It has been reported (1) that the rate of cleavage of uridine and cyti- 


r fil- | dine was greater in phosphate or arsenate buffers than in tris(hydroxy- 
n to 


Osus 
Bd 


and 


‘In attempts to demonstrate a similar enzyme in E. coli we observed that cells 


free of adenine deaminase still formed hypoxanthine and ribose phosphates from 
1ave 


adenosine. Thus direct cleavage of the adenosine had not occurred. We have re- 
rved ported previously (24) that cell-free extracts of E. coli prepared by grinding with 
Re- alumina do not contain adenosine deaminase. This enzyme can be demonstrated, 
vity. however, in the intact cells and is lost during the preparation of the extract. 
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methyl)aminomethane buffer. This suggested that the reaction was a 
phosphorolysis (or arsenolysis) rather than a simple hydrolysis. Despite 
this fact, it has not been possible to demonstrate any formation of phos- 
phate esters during the reaction. This problem is under investigation. 


SUMMARY 


The specificity of the nucleosidases of Lactobacillus pentosus 124-2 has 
been studied. Resting cells in arsenate buffer cleave uridine but not thy- 
midine. This correlates with the nutritional requirements of the organism. 


Cell-free extracts of L. pentosus contain nucleosidases acting on ade- | 


nosine, cytidine, and xanthosine. Evidence is presented for a direct split 
of adenosine to yield adenine and of cytidine to yield cytosine. The ex- 
tracts also contain nucleosidases acting on guanosine, inosine, and uridine; 
these enzymes have previously been observed in animal tissues, in yeast, 
and in Escherichia colt. 

The nucleosidases of L. pentosus cleave the ribosides of hypoxanthine, 
cytosine, and uracil rapidly and the corresponding desoxyribosides very 
slowly if at all. 
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Cytochrome oxidase is defined as the enzyme which transfers electrons 
from ferrocytochrome c to atmospheric oxygen. Although there may be 
more than one enzyme, it is felt that the evidence at present is insufficient 
to support this hypothesis. The position is favored here that there are 
only three mammalian cytochromes; namely, cytochrome oxidase (also 
called cytochrome a),! cytochrome b, and cytochrome c. Cytochrome 
oxidase or cytochrome a is characterized (1) as having maxima in its ab- 
sorption spectrum in the reduced state at 440 to 442 and 601 to 603 mu; 
(2) as being the enzyme which oxidizes cytochrome c (being itself reduced) ; 
(3) as being the enzyme whose activity is diminished in the presence of 
sodium cyanide and sodium azide, and by carbon monoxide in the dark. 
There seems to be no confusion as to what is meant by mammalian cyto- 
chrome b and cytochrome c. 

The a-band of cytochrome oxidase (lying just above 600 mz) has been 
demonstrated by Keilin and Hartree (2) in a dilute insoluble preparation 
of heart muscle reduced with succinate or with hydroquinone or ascorbate. 
They were unable to demonstrate the reduction by reduced cytochrome 
c. Ball and Cooper (3) have reduced the cytochrome oxidase contained 
in a desoxycholate-treated heart muscle preparation with succinate, 
ascorbate, or ferrocyanide. The reductions were readily accomplished 
in the presence of added cytochrome c in evacuated Thunberg tubes fused 
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‘In a previous publication (1) it was stated that the existence of cytochrome a 
was not considered proved. It was implied, although not stated, (hat of cylochkrome 
1; ts oxidase (2) then the existence of cytochrome a is not considere a proved. We 
now revert to the original terminology, identify eytochrome @ with oxidase and do 
not consider the existence of a second eytochrome a, namely eytochrome as, to be 
vroved. 
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to an optical cell. Succinate and ascorbate reduced the oxidase com- 
pletely, while ferrocyanide reduced only 50 per cent of the oxidase. 

The reaction to be discussed in this publication in relation to the salt 
and the hydrogen ion concentration, although stated to be the reaction 
between ferrocytochrome c and cytochrome oxidase, also involves the 
oxidation of reduced cytochrome oxidase by atmospheric oxygen. The 
difficulty of reducing cytochrome oxidase except under rigid anaerobic 
conditions makes it seem likely that the oxygen concentration is not rate- 
limiting. The over-all reaction in oxygen under selected conditions has 
been found to be first order (4) with respect to the concentration of fer- 
rocytochrome c. 

The pH optimum has been studied by Bertrand and Gavard (5), who 
found the oxidation of ferrocytochrome c to be at a maximum at pH 
8.0. When hydroquinone, which is highly autoxidizable above pH 7.1, 
was used as substrate, the optimum was found at pH 7.6 by Bertrand 
and Gavard and at pH 7.1 to 7.3 by Quinlan-Watson and Dewey (6). 
Using a new assay method in which the dye-substrate is autoxidizable 
above pH 7.0, Smith and Stotz (7) report a small increase in activity from 
pH 6.5 to 7.5. Cooperstein, Eichel, and Wainio (8), in a preliminary 
study, found the optimum to be somewhere near pH 7. In all of these 
experiments ionic strength was not taken into consideration. 

The influence of ions on the rate of enzyme reactions has received much 
attention recently. Gilbert and Swallow (9) have found that with the 
Q enzyme of potato the maximum activity shifts to a higher k value (spe- 
cific rate constant) and to a lower pH when the ionic strength is increased 
from 0.008 to 0.4. Speck (10) has plotted the log of the molar concentra- 
tion of cation against the relative activity of oxalacetic decarboxylase 
from parsley roots and finds a maximum in most instances. In studying 
the action of acetate on oxalacetic decarboxylase from the seed of Cu- 
curbita pepo, Byerrum, Brown, and Ball (11) noted that, independent of 
activation by polyvalent cations, two additional ion effects were apparent, 
a general base catalysis proportional to the concentration of base and an 
inhibition proportional to the cube of the ionic strength. The effect of 
phosphate on the activity of various tissue homogenates and on the in- 
soluble oxidase of heart muscle has been studied by Quinlan-Watson and 
Dewey (6), Slater (12), Smith and Stotz (7), and in our own laboratory? 
Maximum activities were found at phosphate concentrations in the range 
0.03 to 0.12 M. 

This report deals with the reduction of cytochrome oxidase by ferro- 
cytochrome c. The effects of phosphate buffer, hydrogen ion concentra- 


2 Unpublished experiments. 
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om-| tion, and sodium desoxycholate on the oxidation of ferrocytochrome c by 
cytochrome oxidase in the presence of air are also presented. 

salt 
tion 
the| The preparation of cytochrome oxidase, which contains sodium desoxy- 
The | cholate and which is termed Preparation 2-3, was made from beef heart 
bic | as previously described (1). All experiments except the one demonstra- 
ate- | ting the reduction of oxidase by ferrocytochrome c were performed with 
has | a single oxidase preparation (Qo, protein, 25°, 2650). The visible and 
fer- | ultraviolet absorption spectra, expressed in terms of optical density per 
mg. of protein per ml., are presented in Figs. 1 and 2. From the peaks 
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tra- Fig. 1. Visible absorption spectra of the oxidase preparation 

om that appear on the curve of the reduced preparation in Fig. 1 it can be 
(ty. | concluded that cytochrome oxidase is the prominent component (the 442 
t of | and 601 mp maxima) and that cytochrome b and probably cytochrome c 
ent, | are present in small concentrations (the 420 mu skewing of the 442 my 
1 an ) Peak, and the 510 to 520 my and 550 to 560 mz maxima). The curve of 
t of | the ultraviolet absorption spectrum (Fig. 2) has a typical maximum at 
. in- 279 Muy. 

and Cytochrome c was prepared from beef heart by the method of Keilin 


ry? and Hartree (13), except that the final preparation was dialyzed against 

inge | Water and then lyophilized. The preparations ranged in purity from 40 
, to 55 per cent. 

— The reduction of oxidase by ferrocytochrome c was studied in cuvettes 

fitted with a Thunberg top. Rubber tubing secured with wire was used 

to connect the Thunberg top to the cuvette. A fitted cardboard box 

covered the tops of the cuvettes, which jutted out of the spectrophoto- 


tra- 





Weiaa 





352 CYTOCHROME OXIDASE 


meter (Beckman) well and excluded all extraneous light. 1 “ml. equiva.-| 
lent’? of Preparation 2-3 (Qo, protein, 25°, 2880) dissolved in 2 ml. of 
distilled water was placed in the body of the cuvette, and 5 mg. of ferro- 
cytochrome c‘ in 1 ml. of 0.10 M NazgHPO,y- KH2PO, buffer of pH 7.4 were 
pipetted into the cap. The tube was cautiously evacuated with the aid 
of a vacuum pump, filled three times with purified nitrogen, and evacuated 
twice. The ferrocytochrome c was tipped into the oxidase and a reading 
taken almost immediately at 601 my. The first reading indicated that 








the reaction was complete in 28 seconds; that is, in the time required to 
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Fig. 2. Ultraviolet absorption spectrum of the oxidized oxidase preparation. 

Fic. 3. Reduction of the oxidase by ferrocytochrome c. Curve 1, experimen- 
tal; Curve 2, oxidized cytochrome c plus hydrosulfite-reduced cytochrome oxidase; 
Curve 3, oxidized cytochrome c plus oxidized cytochrome oxidase; Curve 4, hydro- 
sulfite-reduced cytochrome c plus oxidized cytochrome oxidase. 


invert the cuvette three times and to place it in the well of the cuvette 
holder. The spectrum was then determined and the result is presented 
in Fig. 3. The experimental curve (Curve 1) when compared with Curve 
2 indicates the presence of reduced cytochrome oxidase. The points on 
this Curve 2 are the sums of the values obtained separately for oxidized 
cytochrome c and for cytochrome oxidase reduced with sodium hydro- 
sulfite. It is the curve that would have been obtained if the cytochrome 
c had been completely oxidized and the oxidase completely reduced. For 
further comparison there is presented a summated curve (No. 3) such as 


31 “ml. equivalent” represents the amount of dry preparation obtained by lyo- 
philizing 1 ml. of the concentrated supernatant. 

4 Reduced with Na.S.0, and then aerated for 5 minutes to oxidize the excess 
Na2S20,4 e 
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would have been obtained if the cytochrome c had been oxidized and the 
oxidase had not been reduced. Curve 4 is the sum of the densities for 
reduced cytochrome ¢ and oxidized cytochrome oxidase and represents the 
curve at the time of mixing. The reduction of cytochrome oxidase by 
cytochrome c is readily demonstrated by this comparison of Curve 1 with 
Curves 2, 3, and 4. 

The oxidation of ferrocytochrome c by cytochrome oxidase was studied 
under various conditions. As a preliminary to investigating the effect 
of sodium desoxycholate, it was decided to determine the phosphate op- 
timum at pH 7.40, and then the pH optimum. The buffers were made 
from NazHPO, and KH:2PO, solutions of the desired molarity; namely, 
those in the range 0.015 to 0.600 m. The pH values were so adjusted 
that they would have the proper pH of 7.40 + 0.02 when diluted 1:3 with 
water. This dilution of 1:3 would correspond to the dilution of 1 ml. of 
buffer to a final volume of 3 ml. in the reaction cuvette. At the same 
time the final molarity would be reduced by two-thirds to give the range 
0.005 to 0.200 m. 

The rate of the reaction was followed at 549 mu in a spectrophotometer 
fitted with a block in which water circulated from a constant temperature 
bath maintained at 25° + 0.05°. The temperature of the room was usu- 
ally within a few degrees of 25° and all reactants were kept at 25° in the 
water bath. After equilibration the reactants were pipetted into the 
cuvette in the following order: 1 ml. of a solution of ferrocytochrome c in 
water containing 1 mg. of cytochrome c, 1 ml. of phosphate buffer, 0.8 
ml. of distilled water (or of inhibitor in water in later experiments), and 
0.2 ml. of a 1:50 solution of Preparation 2-3 (0.25 “ml. equivalent” dis- 
solved in 12.5 ml. of water). A reasonable attempt was made each time 
to layer the constituents one above the other. All determinations were 
made in duplicate. Zero time was taken as the time of inversion of the 
covered cuvette immediately after the addition of the oxidase. The first 
reading was the time required for the instrument to reach a predetermined 
density value (usually 0.550 or 0.500 with a slit width of 0.025 mm.). 
Subsequent time values were taken at densities 0.050 or 0.025 below 
the initial one, until at least 2 minutes had elapsed or the reduced cyto- 
chrome c had become -nearly oxidized. The density value for the first 
sample, fully oxidized, was taken at the end of the subsequent duplicate 
determination. This method of recording the time necessary to reach 
certain density values facilitates the calculation of the concentration 
of ferrocytochrome ¢ (14, 15). In the formula [ferrocytochrome c] = 
(D, — D,,)/(@reas — Gox-) l, D; is the density at any time t, D,, is the den- 
sity at infinite time (the fully oxidized sample), aa, and a x, are the molar 
extinction coefficients for the reduced and oxidized forms of cytochrome 
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c, respectively, and / is the length of the cell in cm. Since the selected | P 


2 or 
values of D, are reached in every determination, although at different | oun 
times, it is necessary to calculate the concentration of ferrocytochrome c | tales 
for only seven or eight density values in any series. If the log [ferrocyto- idee 


chrome c] is plotted against time, the resulting straight line shows the re- buff 
action under these conditions to be first order (4, 16). The k value (spe- | wt 
cific rate constant) can be calculated from the relationship k = 1/t In in I 
Co/Ct, where ¢ is time (expressed in seconds), Co is the concentration of buf 
ferrocytochrome c at zero time (obtained by extrapolation), and C, the 
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Fic. 4. Effect of the buffer concentration at three pH values. 
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The effects of buffer concentration and of pH were evaluated graphically. | 
Fig. 4 presents the change in the k value with different concentrations of thr 
the sodium-potassium phosphate buffer at pH 7.40. The specific rate _ str; 
constant increases with decreasing molarity and reaches a plateau at be- mo 
tween 0.050 and 0.005 final concentration. ‘The molarity of 0.033 (0.100 (or 
mM diluted 1:3) was chosen as being a representative value and a pH opti- ew 
mum was determined at this concentration. The k values reached a maxi- _ jf t 
mum between pH 6.61 and 6.75 (Fig. 5, lowest curve). The value of 6.67 cor 
was chosen as the average value. A phosphate concentration series was _ the 
run at pH 6.67 and the optimum was found at 0.083 m final concentration | gtr 
(Fig. 4, middle curve). At 0.083 m phosphate the pH optimum fell to : 
pH 6.20 (Fig. 5, middle curve). A phosphate series at pH 6.20 gave an — Fig 
optimum at 0.100 m final phosphate (Fig. 4, top curve) and a pH series at the 
0.100 Mm phosphate gave a pH optimum at 5.91 (Fig. 5, top curve). It wo 
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soon became apparent that an optimum value for both phosphate and pH 
would not be reached before the desoxycholate and perhaps also the pro- 
tein would precipitate. In fact, in separate studies it was found that a 
cloudiness developed on addition of the more concentrated enzyme to the 
buffer of pH 5.91. This precipitation was not noted in the cuvettes in 
which the enzyme was present in small concentration. The three curves 
in Fig. 4 show very clearly the shift in the optimum concentration of the 
buffer with decreasing pH. Similarly the three curves in Fig. 5 show 
clearly the shift in the pH optimum with increasing buffer concentration. 

An analysis of the activity as related to ionic strength (['/2) gives the 
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Fie. 6. Effect of the ionic strength at three pH values. 
Fia. 7. Effect of the ionic strength at three buffer concentrations. 


three curves in Fig. 6. It was hoped that the optima might fall in a 
straight line. However, if the ionic strength of 0.087, corresponding to a 
molarity of 0.033 (the selected value), is compared with [T'/2 = 0.164 
(optimum on the curve at pH 6.67) and T'/2 = 0.142 (the optimum on the 
curve at pH 6.20), there is no obvious relationship. On the other hand, 
if the highest ['/2 value (0.130) on the plateau of the curve at pH 7.40 is 
compared with 0.164 and 0.142, the tentative conclusion might be reached 
that the optimum in the three instances is found at the same ionic 
strength. 

A further analysis of the pH series gave the three curves presented in 
Fig. 7, where the k values are plotted against the ionic strength. Here 
there is no obvious relationship of the maxima. It was hoped that there 
would be some suggestion of the contribution to the pH effect by the 
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changing ionic strength. It is of interest to note, however, that the ionic 
strength does vary from 2- to 4-fold in these series. 


The effect of sodium desoxycholate, not only to make the oxidase soluble, | 
but also to inhibit it, was recognized early in the studies with an insoluble | 


heart muscle preparation. The inhibition studies were extended to the 


oxidation of ferrocytochrome ¢ by Preparation 2-3. In order to deter- | 
mine whether the effect was on the cytochrome c or on the oxidase, 0.896 | 
mg. of sodium desoxycholate was incubated for 1 hour with 1 ml. of cyto- | 


chrome c solution containing 1 mg. of cytochrome c or with 0.2 ml. of the 
1:50 oxidase plus 0.8 ml. of water. The incubation with the cytochrome 
c produced no inhibition, whereas incubation with the oxidase resulted in 
58 per cent inhibition. There is no doubt but that the effect is on the oxi- 
dase. The time course of development of the inhibition was then studied 
at two hydrogen ion concentrations. 0.480 mg. of sodium desoxycholate 
in 0.8 ml. of water was added to each 0.2 ml. of the 1:50 oxidase to be 
run at pH 7.40 (0.033 m final phosphate) and 0.448 mg. of desoxycholate 
in 0.8 ml. of water was added to each 0.2 ml. of the oxidase to be run at 
pH 6.67 (0.033 m final phosphate). The results are presented in Table I. 
There is a progressive inhibition in both instances, which reaches about 
30 per cent at the end of 1 hour. 

The effect of varying the concentration of sodium desoxycholate was 
studied under comparable conditions. From 0 to about 2 mg. of desoxy- 
cholate in 0.8 ml. of water was added to each 0.2 ml. of the several sam- 
ples of the 1:50 oxidase and incubated at 25° for 1 hour. One series, with 
from 0 to 1.92 mg. of added desoxycholate per cuvette, was run at pH 
7.40 (0.033 m final phosphate); another series, with from 0 to 1.79 mg. of 
added desoxycholate per cuvette and a second sample of cytochrome c, 
was run at pH 6.67 (0.033 m final phosphate). The results are presented 
in Table IJ. The amounts of the added sodium desoxycholate are to be 
viewed in relation to the amount of desoxycholate that is contained in 
Preparation 2-3. The 0.2 ml. sample of the 1:50 oxidase contains 0.120 
mg. of desoxycholate. This amount of added desoxycholate is sufficient 
to produce a significant inhibition at pH 6.67. 

The effects of numerous inhibitors were studied at pH 7.40 (0.033 M final 
phosphate). The inhibitor was added in 0.8 ml. of water. In these ex- 
periments, equal volumes of the cytochrome c¢ solution and of the buffer 
were mixed together and 2 ml. of the mixture were pipetted into the cu- 
vette. The 0.8 ml. of the inhibitor solution was layered on top and finally 
0.2 ml. of the oxidase was added. ‘The results obtained are presented in 
Table III. It has not been determined whether the slight activations 
obtained with thiourea and 8-hydroxyquinoline are significant. Sodium 
azide, sodium cyanide, and hydroxylamine produce marked inhibitions, 
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which increase with increasing concentration of the reagent. The results| A 
obtained at pH 6.67, although not presented here, parallel these at pH! repc 
7.40. | of 2 

The effect of heat inactivation was studied by raising the temperature of| buff 
the dilute enzyme solution to the desired value and maintaining it there| the 
for 5 minutes, as had been done previously in a series involving a mano-| bee! 
metric method of assay (8). A thin walled test-tube containing 2 ml. of} sign 
the 1:50 oxidase was placed in a bath maintained at the desired tempera-| Q e1 
ture, and, after the temperature of the contents had risen to the tempera-| In 
ture of the bath, the 5 minute heating period was begun. At the end of) shift 
the period the tube was immediately plunged into cold water to lower the| was 
temperature to 25°. The results are presented in Table IV. The ine It 
activation reaches a value of 87 per cent at 60°. The determination of the corr 

















Tasie IV = 
Heat Inactivation — 
——} oxy; 
Temperature k X 108 Inactivation hibi 
"Cc. sec.) per cent oxic 
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42.5 15.8 0 dets 
45.0 14.6 8 pm 
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55.0 4.6 71 prey 
60.0 2.0 87 due 
a 
activity was made at pH 7.40 with a final phosphate concentration of 
0.033 M. 
DISCUSSION ( il 
As has been demonstrated, a change in the buffer concentration at a ae 
constant pH markedly affects the activity of the cytochrome c-cytochrome re 
oxidase-oxygen system. Whether this effect is due to an interaction of a, 
the buffer with one or with both of the enzymes or with the desoxycholate buf 
cannot be answered at this time. However, the experiments of Gilbert ‘ound 
and Swallow (9) with the Q enzyme of potato suggest that the effect is on 6.67 
the enzyme or enzymes. ‘The question arises as to whether this effect ‘oni 
can be attributed to the anion, as suggested by Byerrum, Brown, and Ball 3 
(11) in their work with oxalacetic decarboxylase from the seed of C. pepo. P t. 
The work of Velick (17) on the shift in the isoelectric point of muscle Na. 
aldolase, due to changes in the ionic strength, and the results obtained by n ( 
Scatchard and Black (18) on the displacement of the isoionic point of 4 


human albumin by various salts indicate that anion binding should be ie 
seriously considered, 
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A shift in the pH optimum of urease due to a change in the buffer was 
reported in 1934 by Howell and Sumner (19). At a urea concentration 


| of 2.5 per cent the pH optimum was 6.4 in acetate buffer, 6.5 in citrate 


buffer, and 6.9 in phosphate buffer. In spite of this and other reports to 
the effect that salt concentration influences the activity of enzymes, it has 
been generally assumed that the effects are too small to be considered 
significant. The results obtained by Gilbert and Swallow (9) with the 
Q enzyme of potato suggest, however, that the effects must not be ignored. 
In their experiments, as in those reported in this paper, the optimum 
shifted to a lower pH value and to a higher k value as the ionic strength 
was increased. 

In the previous communication (1) it was pointed out that the lack of 
correlation in many instances between the oxygen uptake catalyzed by a 
preparation and the height of the peak at 601 my on the reduced curve 
remained unexplained. However, it was also pointed out that the low 
oxygen uptake might be due to at least one of the following: (a) an in- 
hibition by desoxycholate of the oxidation of reduced cytochrome c by 
oxidase in the test of activity; (b) a denaturation of the cytochrome oxi- 
dase during the preparation; (c) a separation of factors not yet recognized. 
The inhibition by sodium desoxycholate has been presented here in some 
detail. The fact that the inhibition is proportional to the amount of 
desoxycholate added suggests that the low activity of the preparations 
previously reported (1), which had a marked absorption at 601 mu, was 
due to the excessive amount of desoxycholate in relation to the oxidase 
protein. 


SUMMARY 


1. Cytochrome oxidase prepared from mammalian heart muscle with 
the aid of sodium desoxycholate has been reduced with ferrocytochrome c. 

2. The rate of oxidation of ferrocytochrome ¢ by cytochrome oxidase 
(containing desoxycholate) in the presence of oxygen has been shown to 
be markedly influenced by the concentration of the NasHPO,-KH2PO, 
buffer. The maximum activity increases and the optimum buffer con- 
centration shifts to a higher molarity as the pH is decreased from 7.40 to 
6.67 and then to 6.20. The effect has been analyzed in relation to the 
ionic strength, but the data do not yet permit a conclusive answer. 

3. The pH optimum of the above reaction shifts successively to 
a lower value and the maximum activity increases as the molarity of the 
NasHPO,:-KH.PO, buffer is increased from 0.033 to 0.083 and then to 
0.100. 

4. Added sodium desoxycholate inhibits the oxidation of ferrocytochrome 
¢ by cytochrome oxidase by interacting with the oxidase. 
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A NEW METHOD FOR THE PREPARATION OF ACTIN* 


By ANDREW G. SZENT-GYORGYI 


(From the Institute for Muscle Research at the Marine Biological Laboratory, Woods 
Hole, Massachusetts) 


(Received for publication, March 16, 1951) 


The preparation of actin, as described by Straub (1), involves treatment 
of the muscle with acetone, after which the actin becomes extractable with 
water. The action of acetone is not understood. Possibly acetone acts 
by altering certain relations between lipides and protein. For this reason 
it seemed desirable to work out a method for the preparation of actin which 


| avoids the use of anhydrous solvents and consists of steps which are well 


1937). 
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1940). 


Them., 


understood. In this paper such a method is described, based on the re- 
versible depolymerization of actin by potassium iodide (2). This method 
can also be used for the preparation of actin from actomyosin, which is not 
possible by Straub’s process. 

Before the method could be established, it was necessary to work out a 
method for the quantitative determination of actin in small quantities and 
the determination of the amount of impurities present in the different actin 
preparations. The first part of the paper deals with these methods. 

For the sake of convenience, a new symbol is used, the myosin number 
(M number) of actin, which designates the quantity of myosin in gm. 
which combines with an actin preparation containing 1 gm. of protein dry 
weight. A low M number means impure, a high M number means rela- 
tively pure actin. 


Methods and Materials 


Myosin was prepared according to Szent-Gyérgyi (3), as modified by 
Portzehl, Schramm, and Weber (4), and stored in 50 per cent glycerol at 
—20° (5). During 5 months, no change was observed in the capacity of 
such myosin to form actomyosin. The same myosin preparation was used 
during the whole course of these experiments. Straub’s method of actin 
preparation was used, as modified by Guba and Szent-Gyérgyi (6). 

Viscosity was measured at 20° in an Ostwald viscometer in 0.6 Mm KCl, 
containing 0.0067 m phosphate buffer, pH 7.0. Actin was always made to 
polymerize in 0.1 M KCl before adding to 13.3 mg. of myosin in 6 ml. of 
final volume. Actin was determined at two or more concentrations in each 
case; the error in the measurements corresponded to 0.02 mg. of actin. 

Nitrogen was determined by the Kjeldahl method, a factor of 6.2 being 


* This research was supported by a grant from the Armour Research Laboratories. 
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used to calculate the protein present. Adenosinetriphosphate (ATP) was | 





, : tic 
kindly supplied by Armour and Company. The distilled water used was} (4 
redistilled in glassware. m’ 

EXPERIMENTAL ac 

Determination of Actin : 

. . . . . o . a t 

The two specific reactions of actin are its capacity to polymerize in the 01 
presence of small concentrations of neutral salts and its capacity to com- | tre 
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ML.ACTIN 10 20 30 est 
Fig. 1. Determination of actin concentration. A, logarithm of relative viscosity 
before addition of ATP; O, logarithm of relative viscosity after addition of ATP; 
@, difference in the logarithm of relative viscosity before and after ATP. Ordinate, + 
logarithm of relative viscosity; abscissa, ml. of actin added to 13.3 mg. of myosin in| im] 
6 ml. final volume. Actin was prepared by the KI method from muscle and con- (14 
tained 1.5 mg. per ml. of protein. The correction was taken for the actin contamina- 
tion originally present in myosin. The difference in the logarithm of relative 
viscosities before and after addition of ATP was 0.007 without any actin added. 


bine with myosin to form the highly viscous actomyosin. This combina- 
tion in the presence of high salt concentrations is disrupted by small es 
amounts of ATP whereby the viscosity falls to that of the components. jg ; 
Both of these reactions can be followed viscometrically. The second re- Thi 
action, that is the measurement of the actomyosin formation, is more act 


advantageous. It is more sensitive, the formation of actomyosin being a 
° e ° 1e 
proportional to the actin present, and furthermore involves the use of és 


polymerized actin (F-actin) which is easier to handle than globular acti0 ya), 
(G-actin), the latter being stable only in the absence of salts or in 0.6 m KI. side 
The logarithm of the relative viscosity of actomyosin is directly propor- Per 
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tional to its concentration, as shown by Portzehl, Schramm, and Weber 
(4). If different amounts of actin are added to a constant amount of 
myosin, the amount of actomyosin formed is dependent on the amount of 
actin added until the myosin becomes saturated. The difference in the 
logarithm of the relative viscosities of the actomyosin formed before and 
after the addition of ATP (A log m1.) is directly proportional to the actin 
concentration (Fig. 1).1_ The A log me1. is independent of the concen- 
tration of myosin, as measured with different amounts of myosin ranging 
from 1.1 to 4.4 mg. of ml. of concentration. Thus from the A log np. 
value of an actin preparation the amount of actin can easily be determined, 
and the actin content of different actin preparations can be compared. If 
the myosin preparation used originally contained some actin, the A log 
tre. Value of this myosin should be subtracted from the A log n,.;, measured 
after actin has been added. 

The A log nre1. values were proportional to the amount of actin added up 
to the value 0.28 in these experiments, in which the total amount of myo- 
sin introduced was 13.3 mg. At 0.28 there was a sharp break in the curve 
which leveled off, and the results began to show scattering as a result of 
strong thixotropy. This value was taken as the saturation point of myo- 
sin with actin. If the A log n,.1. and the protein concentration of an actin 
preparation are known, the M number can be calculated at any value be- 
low the saturation point of myosin, owing to the direct proportionality 
between the A log 71. and the actomyosin formed. If the M number of 
pure actin is known, the impurity present in an actin preparation can be 
estimated. 


Preparation of Purified Actin 


Actin prepared according to Straub contains considerable amounts of 
impurity, as was shown by Spicer and Gergely (10) and by Mommaerts 
(11). In order to obtain purified actin, advantage can be taken of the 
high sedimentation constant of F-actin and great centrifugal force can be 
used, as was used by Mommaerts (11). The seo of F-actin is about 55 to 
65 (4). If it is only the F-actin which sediments quickly, then the protein 


1 Straub (1) was the first to describe a method for the quantitative determination 
of actin. He used the expression (rei. — nrei. ATP)/nret. ATP X 100, in which nret. 
is the viscosity before the addition of ATP, net. arp after the addition of ATP. 
This ‘‘activity’’ was compared with the “activity” of ‘myosin B” (7), which is an 
actomyosin as extracted from muscle by the Weber-Edsall (8, 9) solution. The 
activity of myosin B was arbitrarily taken as 100 per cent activity and thus allowed 
the calculation of the actin content of different preparations. However, the activity 
of myosin B, as was pointed out by Portzehl, Schramm, and Weber, is not a constant 
value and the expression used above depends on the myosin concentration. Be- 
sides, the measurements are limited to small concentrations of myosin (about 1 mg. 
per ml.) which reduces the sensitivity of the measurements. 
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left in solution consists of the impurities present. If the actomyosin for- 
mation of the sedimented and those of the untreated actin are compared, 
the same degree of actomyosin formation could be expected at a smaller 
protein concentration in the first case, provided no denaturation occurred. 
In the experiments described here, actin was made to sediment and the 
protein concentrations and M numbers were determined before and after 
centrifugation in the supernatant fluid and in the sedimented protein, re- 
dissolved in 0.1 M KCl (Table I and Fig. 2). 

In one series of experiments, actin (Preparations 1 and 2, Table I) was | 
sedimented in the preparative ultracentrifuge? at 140,000 X g in the pres. 














TaBLe I 
Purity of Actin Preparations Calculated Viscometrically and from Centrifugal 
Measurements 
Actin untreated Supernatant fluid 
Prepara- : Impuri ‘ ; parer 
tion No. Actin purity Purity of Actin Purity of 
Total : Iculated niet Total s ‘ ih? 
protein | ace, | Cgc | orga! | protein | a ci%iny | Imo | eu 
mg. per ml.| mg. per sal. mg. per ml.| per cent | mg. per ml.\mg. per ml. | mg. per mi.| per cent | 
1 2.30 1.265 1.033 55 1.086 0.069 1.017 55.8 
2 2.30 1.403 0.897 61 1.006 0.041 0.965 58.1 | 
3 8.211 | 1.94 1,271 60.4 2.321 0.90 1.421 55.7 
4 6.152 | 3.814 2.330 62 3.879 1.40 2.479 59.7 
5 8.221 | 2.01 1211 62.6 2.464 1.10 1.364 57.7 























Actin was determined viscometrically, assuming that the sedimented actin was 
pure. In the case of untreated actin, the amount of impurity was calculated from 
the actomyosin formation values of the original actin; in the case of the supernatant 
fluid, from the amount of protein left after centrifugation, after the actin present 
was subtracted. i 


ence of 0.1 m KCl, 0.0067 m phosphate buffer, pH 7.0, and 10~-* m ATP. 
In another series, actin (Preparations 3, 4, and 5, Table I) was sedimented 
in the high speed attachment of a refrigerated centrifuge at 25,000 * g 
the presence of 0.1 m KCl and 10-* m ATP by centrifuging for 90 to 121 
minutes at 0°. The actin pellet was redissolved by storage overnight in 
0.1 m KCl, containing 0.0067 m phosphate buffer, pH 7.0, and 10-* m ATP. 
The final yield was 45 to 55 per cent of the original actin, the loss being 
due to the failure of the sedimented actin to dissolve completely. 

The highest M numbers were obtained with the redissolved actin seps- 
rated in the ultracentrifuge (see the upper curve in Fig. 2). The value 4: 
closely agreed with the value obtained by Spicer and Gergely, whose cal: 





2 The author’s sincere thanks are due to Dr. J. T. Edsall and Dr. J. L. Oncley i) 
the Department of Physical Chemistry, Harvard Medical School, for permission t 
use their preparative ultracentrifuge and for their kind help and advice. 
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culated M number was close to 4.1. The fact that in all cases identical 
M numbers were obtained, regardless of the magnitude of the centrifugal 
force employed, indicates that the actin thus obtained was pure and that 
its M number corresponds to the stoichiometric relation of actin and 
myosin. 

The M number of pure actin being known, the amount of impurity in 
the original preparation could also be calculated from it. This quantity 
of impurity agreed with the quantity of protein found in the supernatant 
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Fia. 2. Purity of actin preparations. @, actin purified by centrifugation; five 
different preparations. O, actin prepared by KI; five different preparations, one 
not represented, was 55 per cent pure. A, actin prepared by Straub’s method; six 
preparations, one not represented, was 45 per cent pure. Abscissa, protein added 
to 13.3 mg. of myosin in 6 ml. final volume; ordinate at left-hand side, difference in 
the logarithm of relative viscosities before and after ATP; ordinate at right-hand 
side, amount of myosin saturated by the actin introduced in mg. The broken line 





| shows the value at which all the myosin present is saturated. Correction was taken 
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fluid after centrifugation and the deduction of the quantity of actin still 
present (Table I). 

The lowest curve of Fig. 2 was obtained with actin prepared according to 
Straub. The viscosity measurements and the centrifugation both show it 
to contain about 40 per cent impurity. This value is the same as that of 
Spicer and Gergely and is lower than the 60 per cent impurity found by 
Mommaerts. Straub (1) found an M number of 2.5, which was confirmed 
by Snellman and Erdés (12) who found it to be 2.5 to 3.0. The M number 
of the actin preparations used in the experiments described here and pre- 
pared according to Straub was 2.65, showing that our preparations had the 
same purity as Straub’s. The electrophoretic measurements of Spicer and 
Gergely and the presence of myokinase (13), deamidase,* and creatine- 


*Laki, K., and Clark, A. M., personal communication. 
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phosphophorase (14) in the actin preparations indicate that the impurity 
is not denatured actin. The large amount of impurity is not unexpected, 
since the preparation of actin does not involve any specific method of 
purification. . 


Preparation of Actin from Muscle with KI 


The electron microscope pictures of Rozsa, Szent-Gyérgyi, and Wyckoff 
(15) suggest that actin is responsible for the continuity of the structure of 
the cross-striated muscle in which it is present in the polymerized state. 
Once it is depolymerized, it should become extractable easily. As shown 
elsewhere, the depolymerization of actin by potassium iodide is reversible 
in the presence of a small amount of ATP (2). In the method to be de- 
scribed here, the actin was extracted with KI, the myosin extracted at the 
same time (see Dubuisson (16)) being separated from the actin by adding 
20 per cent alcohol. 

The procedure used was as follows. 

The fresh, minced rabbit muscle was extracted with 3 volumes of the 
cold KCl-phosphate for 10 minutes in order to extract the myosin (3). 
The suspension was diluted with 4 volumes of ice-cold distilled water and 
pressed through a cloth. 


\ 


| 
| 


The muscle residue was reextracted with 3 volumes of cold KCl-phos- | 


phate in the presence of 10-‘ m ATP for 10 minutes, diluted with 4 volumes 
of cold water, and pressed through a cloth. 

The residue was washed in 10 volumes of cold water and pressed through 
a cloth. The residue obtained could be stored in the deep freezer. 

To every 33 gm. of the muscle residue, cold water was added to make up 
the volume to 100 ml., then 1 ml. of 2 X 10-? m ATP and 11 ml. of 6.0 m 


KI containing 0.06 m sodium thiosulfate. The suspension was kept in an , 


ice water bath and stirred for 10 minutes; then 110 ml. of cold water were 
added and the insoluble part was quickly centrifuged in a refrigerated 
centrifuge. 

The supernatant fluid was measured, kept below 5°, and 0.25 volume of 
96 per cent alcohol at —25° was added. The precipitate was quickly 
centrifuged and the alcohol and KI were removed by dialysis against 
0.0067 m phosphate buffer, pH 7.0, and 5 X 10-5 m ATP at 0°. The 
dialyzing tube was constantly shaken and the small volume of dialyzing 
liquid was changed every half-hour. After 4 hours dialysis the alcohol 
concentration in the dialysate was less than 1 per cent. The precipitate 
was eliminated by 5 minutes high speed centrifugation. The actin ob- 
tained was mostly in its F form. ‘To attain complete polymerization, 2 ml. 
of saturated KCl were added to every 100 ml. of fluid and the solution was 
kept at room temperature for 30 to 60 minutes. 
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According to Balenovic and Straub (17), muscle contains 2.5 to 3.0 per 
cent actin calculated to the wet weight. Because their calculations were 
based on an actin of about 60 per cent purity, the muscle must have con- 
tained 1.5 to 1.8 per cent actin. The yield of the actin obtained with the 
method described here was somewhat over 50 per cent of this value. The 
amount of impurity present was usually constant, five preparations being 
73 to 75 per cent pure and one 55 per cent pure (Fig. 2). 


Preparation of Actin from Actomyosin with KI 


The main difficulty with the purification of actin lies in the difficulty of 
precipitating it without denaturation. On the other hand, actomyosin can 
be washed and precipitated repeatedly without significant loss and without 
denaturation. 

Actin was prepared from twice precipitated “myosin B” (7) and from 
actomyosin prepared with the use of KI. In the latter case, the actomyo- 
sin was extracted from rabbit muscle with 0.6 m KI, containing 0.6 m so- 
dium-thiosulfate, and after the elimination of the muscle residue by centrif- 
ugation, it was precipitated at 0.04 m KI by the addition of water with 
constant stirring. 

In order to increase the concentration of actin, 0.1 mg. of ATP per ml. 
was added to the actomyosin precipitate at room temperature to obtain the 
precipitate in a small volume. The centrifuged precipitate was cooled 
below 5° and dissolved in 2 X 10-*m ATP and 0.6 m KI by adding 6.0 m 
KI. After 10 minutes storage, the myosin was removed and the actin was 
prepared as described in the preceding section. 

The yield of actin was over 50 per cent of the actin originally present in 
the actomyosin. The purity was mostly between 55 to 75 per cent start- 
ing with “myosin B,” and 75 to 80 per cent starting with actomyosin ob- 
tained with KI. The final concentration of actin varied between 1.5 and 
2.0 mg. per ml. 


Preparation of Actin-Free Myosin with KI 


Actin-free myosin was first prepared by Szent-Gyérgyi (3). His and the 
later methods (4, 10, 11) are all based on the different solubilities of myosin 
and actomyosin. Since the elimination of actin involves a great loss of 
myosin, these methods can be used only in cases in which the actin content 
islow. Dubuisson (16) found that, when KI was employed, the yield of 
the extracted muscle proteins was much larger than with KCl. Since the 
depolymerization of actin is irreversible in the absence of ATP, it seemed 
logical to try to use KI for the preparation of actin-free myosin. With 
the method described here, actin-free myosin can be prepared from washed 
muscle or from actomyosin. 
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The rabbit muscle was twice washed for 10 minutes in cold water, thea| 
comminuted in the Waring blendor and washed twice in 0.05 m KCl in} 
order to remove the ATP completely. The myosin was obtained by ex. 
traction for 10 minutes in cold 0.6 m KI, containing 0.006 m sodium thio. 
sulfate. The muscle residue was eliminated by centrifugation and the 
myosin precipitated by adding cold water slowly with constant stirring to 
bring the KI concentration to 0.025 m. The water was neutralized with 
dilute NaHCO; or phosphate buffer, pH 7.0. \ 

From 100 gm. of muscle, 3.5 to 4 gm. of myosin were obtained; thus the 
yield was three to four times higher than that obtained by conventional 
methods. The myosin was completely free of actin, as was ascertained 
from superprecipitation and viscosity measurements. It did not crystal. 
lize, but otherwise behaved in every respect in a similar manner to the 
myosin obtained by standard methods. 

Myosin was also prepared from actomyosin. An actomyosin three time 
precipitated or washed was dissolved in 0.6 m KI and, after 10 minute 
extraction, the myosin was precipitated by diluting the KI to 0.025 
The yield of the actin-free myosin was 50 per cent or more of the myosin 
originally present in the actomyosin preparation. 


SUMMARY 


1. A method for the quantitative determination of actin and for the de- 
termination of its purity is presented. 

2. The actin obtained by Straub’s method was found to be about 40 per 
cent impure. 1 gm. of actin is capable of combining with about 4.3 gm. oi 
myosin. 

3. A new method for the preparation of actin from muscle and from 
actomyosin is described, based on the reversible depolymerization of actin 
by potassium iodide. 

4. A method is described for the preparation of myosin with potassium 
iodide. The product is actin-free and its yield is three to four times higher 
than that obtained by earlier methods. 


BIBLIOGRAPHY 


. Straub, F. B., Studies Inst. Med. Chem., Univ. Szeged, 2, 3 (1942). 

. Szent-Gyérgyi, A. G., Arch. Biochem. and Biophys., 31, 97 (1951). 

. Szent-Gyérgyi, A., Chemistry of muscular contraction, New York (1947). 

. Portzehl, H., Schramm, G., and Weber, H. H., Z. Naturforsch., 5, 61 (1950). 

. Szent-Gyérgyi, A., Chemistry of muscular contraction, 2nd edition, New York 
(1951). 

. Szent-Gyorgyi, A., Acta physiol. Scand., 9, suppl. 25, 87 (1945). 

. Banga, I., and Szent-Gyorgyi, A., Studies Inst. Med. Chem., Univ. Szeged, |, 
5 (1942). 


oe C de 


Im 


XUM 


8. 


» 





| then| 
Cl in} 
YY ex. 
thio. 
d the 
ing to 
| with 
us the 
tional 
tained 
rystal- 
to the 


‘ 
' 


> times 
Linutes 
025 M. 
ny osin 


the de- 


AO per 
gm. of 


d from 
f actin 


assium 
higher 


j ). 
150). 
ew York 


zeged, 1, 


8. 
. Edsall, J. T., J. Biol. Chem., 89, 289 (1930). 

. Spicer, S. S., and Gergely, J., J. Biol. Chem., 188, 179 (1951). 

. Mommaerts, W. F. H. M., J. Biol. Chem., 188, 559 (1951). 

. Snellman, O., and Erdés, T., Biochim. et biophys. acta, 3, 23 (1949). 

. Laki, K., and Clark, A. M., Arch. Biochem., 30, 187 (1951). 

. Ljubimova, N. M., and Popova, G. M., Doklady Akad. Nauk S. S. S. R., 66, 433 


A. G. SZENT-GYORGYI 369 


Weber, H. H., Arch. ges. Physiol., 235, 205 (1934). 


(1949). 


. Rozsa, G., Szent-Gyérgyi, A., and Wyckoff, R. W. G., Ezp. Cell Res., 1, 194 


(1950). 


16. Dubuisson, M., Biochim. et biophys. acta, 5, 489 (1950). 


17. 


YIIM 


Balenovic, K., and Straub, F. B., Studies Inst. Med. Chem., Univ. Szeged, 2, 
17 (1942). 











) FU! 


Pro 
sulf 
and 
,; aml 


con 
acti 
som 





XUM 


) FUNCTION OF PYRIDOXAL PHOSPHATE IN DESULFHYDRASE 
SYSTEMS OF PROTEUS MORGANII* 


By R. E. KALLIO 


(From the Department of Bacteriology, College of Medicine, State University of 
Towa, Iowa City, Iowa) 


! (Received for publication, April 13, 1951) 


It has been reported (1) that cystine is metabolized by resting cells of 
Proteus vulgaris and Proteus morganit to pyruvate, ammonia, and hydrogen 
sulfide. Toluene-killed cells of P. morganii also carried out the reaction 
and to a lesser degree attacked homocysteine, yielding hydrogen sulfide, 

, ammonia, and some unidentified product. 

Inasmuch as the use of toluene-killed cells may not obviate entirely 
considerations of permeability, it was deemed essential to study the re- 
actions with cell-free enzymatic preparations. The present paper describes 
some of the characteristics of cell-free desulfhydrases in P. morganii. 


EXPERIMENTAL 


The strain of P. morganit employed was the same as that used in the 
previous study (1). The organisms were grown in 12 liter carboys, with- 
out aeration, in freshly prepared meat infusion-peptone broth. An 8 hour 
slant was used as the inoculum, and the cells were harvested by centrifuga- 
tion after incubation at 37° for 15 to 18 hours. After being washed with 
M/60 phosphate buffer (pH 7.4), they were again centrifuged and sus- 
pended in a minimal amount of M/60 phosphate buffer containing 1 x 10-% 
M glutathione. The suspension was spread out on Petri plates and dried 
over P.O; in vacuo at room temperature; the resulting, glassy material 
was then ground in a mortar and stored at 5°. Active, cell-free enzyme 
preparations were prepared by sonic oscillation of the dry powder sus- 
pended in 0.05 m phosphate buffer, followed by centrifugation at 15,000 
r.p.m. for 15 minutes. The supernatant contained most of the activity 
and was employed in all the experiments. Since extracts prepared in this 
manner did not metabolize pyruvate or a-ketobutyrate (the end-product 
of homocysteine desulfhydrase action on homocysteine), it was found con- 
venient to follow activity by measuring the keto acid formed after a 10 
minute incubation at 37° in small test-tubes. Each tube contained 0.1 or 


*This study was supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and the Central Scientific Fund of the State University of Iowa, 
College of Medicine. 
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0.2 ml. of enzyme, 1 mg. of substrate, and glutathione-containing buffer to 
a final volume of 1.0 ml. The reaction was stopped by adding 0.5 ml. of } 
5 per cent trichloroacetic acid, and aliquots of the supernatant were re- 
moved for analysis, following centrifugation. The method of Friedemann 
and Haugen (2) was used for pyruvate and a-ketobutyrate determinations, 
with standard curves prepared from purified pyruvate and a-ketobutyrate 
as references. 

For large scale experiments conventional Warburg equipment was em.- } 
ployed as previously described (1). 

Identification of End-Product of Homocysteine Desulfhydration—The ma- 
jor end-product of homocysteine breakdown was identified as follows; 
A 50 ml. Warburg vessel containing 100 mg. of homocysteine, 15 ml. of 
cell-free extract, and phosphate-glutathione buffer to a total volume of 
20 ml. was incubated for 2 hours at 37°. After stopping the reaction with 
trichloroacetic acid, 2 ,4-dinitrophenylhydrazone was precipitated by the 
addition of an equal volume of 2 ,4-dinitrophenylhydrazine in 2 n HCl to 
the centrifuged supernatant of the deproteinized incubation mixture. The 
purified hydrazone melted at 198°, uncorrected, comparing favorably with 
the melting point of a 2,4-dinitrophenylhydrazone prepared from a-keto- 
butyric acid (m.p. 198-199°, uncorrected). The mixed melting point of 
the two hydrazones was 198°, uncorrected. Further identification was 
carried out by paper chromatography of the phenylhydrazones (3), the 
solvent being n-butanol saturated with 4 per cent aqueous NH,OH. The 
positions of the hydrazones were established by their bright yellow color, 
or, alternatively, when such small amounts were used that the color pro- 
duced was slight, the hydrazone positions were determined as dark spots 
under ultraviolet light. Both the unknown and the known 2,4-dinitro- 
phenylhydrazones behaved identically and it was concluded that a-keto- 
butyrate is produced from homocysteine. 

Homocysteine Desulfhydrase—Incubation of 1.0 ml. of cell-free extract, 
5 mg. of homocysteine, and 0.05 m phosphate buffer to a total volume of 
2.5 ml. for 45 minutes at 37° in conventional Warburg equipment pro- 
duced, under anaerobic conditions, no significant gas exchange that could 
not be accounted for on the basis of the hydrogen sulfide produced. Dur- 
ing the course of the experiment there appeared to be some gas production, 
but, when the reaction was stopped by the addition of HCl and the shak- 
ing was continued for 10 minutes, this value was reduced to zero. This 
indicated that hydrogen sulfide was being produced more rapidly than it 
could be absorbed by the cadmium acetate in the center well of the vessel. 
A detailed analysis of the end-products of several experiments is shown in 
Table I, The enzyme system involved appears to be very similar to 
cysteine desulfhydrase which produces pyruvate, H.S, and NH; under 
similar circumstances. 
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Cofactor for Cysteine and Homocysteine Desulfhydrases—Active extracts 
rapidly lost: their activity on standing unless glutathione, cysteine, or 
homocysteine was present. Probably these materials merely maintain 
proper reducing conditions. Ordinary dialysis resulted in irreversible in- 
activation, but, if the dialysis was carried out against distilled water 
containing hydrogen sulfide to a final concentration of 3 X 10-* M, a con- 
siderable portion of the activity was lost and could be restored by the 
addition of pyridoxal phosphate.! Aging for 7 to 10 days followed by 
dialysis for several hours against a large volume of hydrogen sulfide-water 
was found to be the most effective way of removing the cofactor. Data 
in support of reactivation with pyridoxal phosphate are shown in Table 
II. 


Pyridoxal, pyridoxamine, and pyridoxine alone or in combination with 


TaBLe | 
Metabolism of Homocysteine by Cell-Free Extracts of Proteus morganii 


Each vessel contained 1 mg. of homocysteine, 1 ml. of extract, and 0.05 m phos- 
phate buffer, pH 7.4. The center well contained 0.3 ml. of 2 m cadmium acetate. 
Incubation was at 37° in N:2 for 45 minutes. 





Experiment No. H2S produced 








| NHs produced a-Ketobutyrate produced 
moles X 1078 | moles X 10-8 — moles X 10-6 
i 13.5 | 15.1 15.3 
2 | 14.6 | 16.3 16.5 
3 11.0 12.1 12.0 
4 14.0 | 16.0 15.1 
5 





15.0 | 16.0 16.8 


adenosinetriphosphate (ATP) would not substitute for the phosphorylated 
form. Biotin was found to stimulate keto acid formation from serine, 
aspartic acid, and threonine by Lichstein and Umbreit (4) and Lichstein 
and Christman (5). It was tested here because of the obvious similarity 
of structure between cysteine and serine, but no reactivation was noted. 
Recently, Wood and Gunsalus (6) partially purified serine and threonine 
deaminases from Escherichia coli and they reported that glutathione and 
adenosine-5-phosphate were activators for these systems. These two ma- 
terials failed, however, to reactivate the desulfhydrases from P. morganit. 
Binkley (7) noted activation of thionase, the enzyme responsible for the 
cleavage of both cysteine and cystathionine, by folic acid, but, under the 
conditions here employed, folic acid had no effect on dialyzed desulfhy- 
drase preparations. The direct participation of vitamin Bs, probably as 
the phosphorylated form, in the desulfhydration of cysteine is indicated 


1The writer is indebted to Dr. W. A. Wood for a generous gift of pyri- 
doxal phosphate. 
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Fig. 1. Substrate saturation curves of cell-free desulfhydrases from P. morganii. 


Effect of Pyridoxal Phosphate on Cysteine and Homocysteine Desulfhydrases 
Each assay tube contained 0.2 ml. of extract, 1 mg. of substrate and phosphate 
buffer (pH 7.4), and glutathione to a final concentration of 2 X 107%; total volume 
Incubation for 10 minutes at 37° in air. The blanks have been subtracted 
The cofactors were added in 5 y amounts. 





Experimental conditions 





Keto acid produced in 10 min. 
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by a recent Russian report (8) in which liver homogenates prepared from 
vitamin Be-deficient rats had lower cysteine desulfhydrase activities than 
corresponding preparations from normal animals. Incorporation of pyri- 
doxine into the deficient regimen raised the activity of the preparations to 
normal levels. No action in vitro was noted for pyridoxal and the phos- 
phate was apparently not tested. 


Evidence That Cysteine Desulfhydrase and Homocysteine Desulfhydrase 
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Fie. 2. Attack rates of cell-free desulfhydrases on cysteine, homocysteine, and 
cysteine + homocysteine. Conditions as in the text. 


May Be Different Enzymes—To date it has been impossible to separate 
the activities of the two desulfhydrases, but some evidence has been ob- 
tained which indicates that two systems may be operative. Fig. 1 shows 
the substrate saturation curves for cysteine and homocysteine when 0.1 
ml. of active extract was employed, and it is evident that the cysteine 
system is more rapidly saturated than is the homocysteine desulfhydrase. 
Furthermore, an almost completely additive effect is noted (Fig. 2) when 
both substrates are present as compared to cysteine and homocysteine 
alone. The evidence favors, therefore, the concept that two systems are 
present, each specific for one of the sulfur amino acids. The presence of 
two systems may aid in explaining a discrepancy between the action of 
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viable, whole cells of P. morganii and cell-free preparations. Intact cells 
attack homocysteine at a rate only about 35 per cent as rapidly as cys- 
teine, whereas cell-free preparations metabolize homocysteine much more 
rapidly than cysteine. This is shown in Fig. 3, along with keto acid pro- 
duction from serine and threonine for purposes of comparison. The lower 
rate of homocysteine utilization in resting cells may be a reflection of a 
permeability factor which is removed when cell-free extracts are used. 
Alternatively, cysteine desulfhydrase may be, in part, destroyed by our 
technique, thereby increasing the apparent amount of homocysteine de- 
sulfhydrase present. 
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Fig. 3. Comparative rates of keto acid formation from various amino acids by 
cell-free desulfhydrase extracts of P. morganii. Conditions as in the text except 
for the extract as indicated. 


DISCUSSION 


Little is now known of the mechanism whereby a-ketobutyrate arises 
from homocysteine. The probable mechanism of action of cysteine de- 
sulfhydrase has been discussed by Smythe (9) and is considered similar 
to that of serine dehydrase and the system producing pyruvate from 
2-phosphopyruvic acid. In the case of homocysteine one possibility might 
involve a removal of H.S to yield 2-amino-3-enebutyric acid to which 
water might be added to produce threonine, which is then deaminated to 
a-ketobutyrate (10, 11). The data in Fig. 3, however, indicate that this 
probably does not occur, inasmuch as threonine is only slightly attacked. 
Manipulation of enzyme and substrate concentrations invariably leads to 
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these same comparative levels of activity when a-ketobutyrate formation 
from homocysteine and threonine is compared, thus indicating that threo- 
nine is, in fact, poorly utilized and not merely acting in an inhibitory 
capacity at the level of concentration used in the experiments of Fig. 3. 
Addition of the cofactors required for threonine deaminase activity (glu- 
tathione and adenylic acid) has no effect on a-ketobutyrate formation 
from homocysteine; therefore lack of these substances cannot be limiting 
in the utilization of threonine by cell-free extracts from P. morganit. 
Dent (12) has described the formation of a-aminobutyric acid from methi- 
onine in Fanconi’s disease in a human subject. It seemed possible that 
the sulfur-carbon cleavage in the desulfhydration of homocysteine might 
occur first, in the presence of suitable hydrogen donors, to yield a-amino- 
butyrate which by a separate step might then be deaminated. The de- 
sulfhydrase preparations, however, were completely inactive against 
a-aminobutyrate. It seems likely that the formation of a-ketobutyrate 
from homocysteine may be identical with the mechanism of homoserine 
deamination, which also has been shown to produce a-ketobutyrate (13). 
Homoserine deaminase has been obtained in a relatively pure state (14) 
and, like the preparations used in this study, was unable to deaminate 
a-aminobutyric acid. Thus, the mechanism of homocysteine desulfhy- 
dration remains obscure at this time. 


SUMMARY 


1. Homocysteine is metabolized by cell-free enzymatic preparations 
from Proteus morganii to a-ketobutyrate, ammonia, and hydrogen sulfide. 

2. The desulfhydrase system can be inactivated by aging and dialysis, 
but its activity is restored upon the addition of pyridoxal phosphate. 
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FACTORS AFFECTING THE ASSAY OF HYALURONIDASE 


By HARVEY E. ALBURN anp ROBERT W. WHITLEY 
(From the Wyeth Institute of Applied Biochemistry, Philadelphia, Pennsylvania) 


(Received for publication, April 2, 1951) 


A number of different types of assay methods have been developed for 
the determination of hyaluronidase activity in vitro. These include the 
mucin clot test (1, 2), the viscosimetric assay (3-12), the turbidimetric 
assay (7, 13-17), and the reductimetric assay (18). Of these, the turbidi- 
metric and viscosimetric assays have been used most widely. 

In the work reported here a study has been made of a number of factors 
affecting the turbidimetric assay and a modification of the method has 
been developed based on this study. The effect of hyaluronate molecular 
weight on the viscosimetric assay has also been investigated. 

The hyaluronic acid depolymerase obtained from bull testes has been 
used in these experiments, since this enzyme is being used therapeutically 
and its standardization is of considerable interest. The results obtained 
do not necessarily apply to bacterial or other hyaluronidases. 


EXPERIMENTAL 
Method of Assay 


Changes in the assay procedure to test various factors affecting the 
activity will be covered in the descriptions of the individual experiments. 
The standard method of assay is the following. 

Preparation of Acid Serum—Fresh, sterile, normal horse serum is lyophi- 
lized in small lots and stored in stoppered containers at 0-2°. This material 
has shown no changes in turbidity-producing properties for periods up to 
l year. For use, the serum is reconstituted with water and diluted with 
9 volumes of 0.5 m acetate buffer, pH 4.30. The pH is adjusted to 3.1 
with 4 n hydrochloric acid and the solution allowed to age for 18 to 24 
hours at room temperature. Thereafter, it is stored at 0-2° and in this 
form it is stable for 3 to 4 weeks. For each day’s use, a sufficient quantity 
of the 1:10 serum, pH 3.1, is diluted to 1:40 with 3 volumes of 0.5 m ace- 
tate buffer, pH 4.30, and brought to room temperature. 

Potassium Hyaluronate Solution—Purified potassium hyaluronate from 
human umbilical cord (UC hyaluronate) or bovine vitreous humor (VH 
hyaluronate), the preparation and properties of which have been described 
previously (19), is used as the substrate. 

A stock aqueous solution containing 0.5 mg. per ml. of potassium hyal- 
uronate is prepared and stored at 0-2°. This solution is stable for several 
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weeks. For each day’s use, a portion of this solution is diluted with an 
equal volume of 0.04 ionic strength sodium phosphate buffer, pH 6.3, con- 
taining 0.14 m sodium chloride. (The pH becomes 6.4 on dilution with | 
the aqueous hyaluronate solution.) 

Hyaluronidase Solutions—A stock standard hyaluronidase solution is pre- 
pared by dissolving 1 mg. per ml. of the crude dry standard in cold water 
(see section on enzyme standard). It is stable at 0-2° for at least 1 week. 
For the standard curve, determined simultaneously with the unknowns, 
the stock standard is diluted to 3 turbidity reducing units (t.r.u.) per ml. 
immediately before assay with 0.02 ionic strength sodium phosphate buffer, 
pH 6.4, containing 0.07 m sodium chloride. Unknown preparations are 
made up at 1 mg. per ml. and diluted with the same buffer at 0-2°, im- 
mediately before assay, to such a concentration that the activity can be 
read from the standard curve. 

Activity Determination—All activity measurements are made in duplicate. 
The hyaluronate solution, in 0.50 ml. quantities, is pipetted into the bot- 
tom of 16 X 100 mm. test-tubes. Sufficient 0.02 m sodium phosphate- 
0.07 m sodium chloride buffer, pH 6.4, is then added so that the final vol- 
ume after the addition of the enzyme will be 1.00 ml. At 4 minute inter- 
vals, varying amounts of freshly diluted enzyme solution are added to the 
tubes containing hyaluronate, and the tubes are immediately placed in a 
stirred water bath at 37° + 0.2° and incubated for 30 + 0.25 minutes. 

The tubes are removed from the water bath at 4 minute intervals and 
4.0 ml. of 1:40 acid serum are added immediately.1_ The tubes are allowed 
to stand for 30 minutes at room temperature and the turbidity is read in 
a Klett-Summerson photoelectric colorimeter with a red filter.2 Blank 
determinations are run, hyaluronate being omitted. Unknown activities 
are then calculated from the turbidity value by reading from the standard 
curve. Typical standard curves are shown in Fig. 5. 

It has been found that, due to the high dilution of the enzyme, some 
activity is lost during the incubation, particularly with the more purified 
hyaluronidase preparations. The enzyme can be stabilized by having 
about 0.5 mg. per ml. of partially hydrolyzed gelatin present in the incu- 
bation solution (see the section on stability). Merthiolate (1:10,000) is 


1 The tubes are not heated to destroy the enzyme after incubation as in several 
methods (7, 17), since, under these conditions, it has been found that there is no 
significant enzyme activity after the addition of the acid serum. 

2 A red filter is used rather than a blue filter as described in some methods, since 
the red filter gives a blank of lower proportionate value. The turbidity readings 
reported here are proportional to optical density, 100 Klett units being equivalent 
to an optical density of 0.267 on a Beckman DU spectrophotometer, with a 1 cm. 
cell and a wave-length of 620 my. 
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used as a preservative for the gelatin solution. In the experiments re- 
ported here, gelatin was used only when noted. 

Hyaluronidase Standard—The assay is based on a comparison of the 
unknown activity against the activity of a lot of crude lyophilized hya- 
luronidase, which was prepared by the initial ammonium sulfate fractiona- 
tion described by Hahn (20). The standard enzyme is stored at 0-2°. 
We have been unable to detect any change in the activity of this prepara- 
tion over a period of 2 years. 

The turbidity reducing unit, as originally described by Kass and Sea- 
stone, was defined as the amount of enzyme required to reduce the tur- 
bidity produced by 0.2 mg. of hyaluronate to that given by 0.1 mg. in 30 
minutes under specified conditions. This unit has been used by a number 
of workers but with varying conditions of pH, purity of substrate, salts, 
salt concentrations, etc. As shown in the following experiments, these 
factors may cause variations in the results obtained; therefore there is 
probably some difference in the value of the turbidity reducing units used 
in different laboratories. 

The crude hyaluronidase preparation which has been used throughout as 
a standard had been more or less arbitrarily assigned a value of 218 t.r.u. 
per mg. At the conclusion of the experiments reported here, this stand- 
ard was assayed according to the general method of Kass and Seastone 
but with the conditions of pH, salt concentration, etc., which we have 
adopted for the routine assay. Purified UC hyaluronate was used as the 
substrate and hydrolyzed gelatin as a stabilizer. The experimental value 
obtained was almost identical with the assigned value and therefore we 
have continued to use 218 t.r.u. per mg. as the activity of the standard 
enzyme. 


Factors Affecting Hyaluronidase Activity 


Effect of pH and Sodium Chloride on Activity—The effect of sodium chlo- 
ride and of pH on hyaluronidase activity has been investigated by a number 
of workers (21, 2, 7, 10, 15, 17). To study the effects further, particularly 
with regard to the interrelation of salt and pH and in the presence of a 
relatively pure hyaluronate, the following experiments were carried out. 

The same conditions were employed as described under ‘‘Method of 
assay” except for the changes in pH and salt concentration. Since pH 
and salt concentration affect turbidity, the per cent turbidity reduction 
was calculated from controls without enzyme and the relative activities 
were calculated from a standard curve. 

As shown in Fig. 1, the optimal sodium chloride concentration was 
found to vary considerably with pH. The curves illustrate the interrela- 
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tionship of pH and optimal salt concentration and indicate that at low pH 
less salt is necessary. They also indicate that with higher salt concentra- 
tions lower pH optima will be obtained. 

The optimal pH was then determined with 0.09 m sodium chloride. 
This salt concentration was chosen as a compromise, since it falls within 
the range of maximal activity at pH 4.5 and 5.2 and is only slightly above 
the optimal concentration at 7.1. Fig. 2 shows that, under these condi- 
tions, the optimal pH is about 6.4. The same value was also obtained for 
alcohol-fractionated hyaluronidase (22) containing 6000 t.r.u. per mg. 


10-- 


RELATIVE ACTIVITY 











ie) 04 


08 A2 AG .20 .24 .28 
NaCl CONCENTRATION—MOLARITY 


Fig. 1. Effect of sodium chloride concentration on hyaluronidase activity at 
various pH values. Acetate buffer at pH 4.5 and 5.2; phosphate buffer at pH 6.2 
and7.1. The salt concentrations and pH values are those of the incubation solution. 
Umbilical cord hyaluronate, 0.125 mg. per ml.; hyaluronidase, 218 t.r.u. per mg., 
0.625 y per ml. Mole ratio of sodium chloride to buffer 50:1. 


In comparing the two experiments with crude and purified hyaluronidase 
it was found that the activity ratios of purified to crude hyaluronidase 
were relatively constant on the alkaline side of the optimal pH but were 
lower on the acid side. For example, at pH 5.2 the ratio was 0.45:1 as 
compared with 1:1 at pH 6.4. With hydrolyzed gelatin as a stabilizer 
the ratio at pH 5.2 was 0.83:1. Thus it would not seem desirable to run 
the assay at a pH much below the optimum. This is of interest, since in 
the various published assay methods pH values from 4.5 to 7.0 have been 
used. 

Curves were then determined with a constant ionic strength of 0.09 at 
pH 6.4 with various concentrations of sodium chloride and sodium phos- 
phate buffer. It was found that maximal activity was obtained with ionic 
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strengths of 0.07 sodium chloride and 0.02 sodium phosphate buffer. 
Therefore, these conditions have been adopted for the routine assay. 
Since the optimal ionic strength of 0.09 is lower than that given in other 
published turbidimetric assays, it seemed desirable to determine whether 
the use of less salt would have a variable effect with changing enzyme con- 
centration. Three standard turbidity reduction curves were made with 
0.05, 0.09, and 0.15 m sodium chloride. The curves were then adjusted to 
equal activity levels on the basis of the activities at 50 per cent turbidity 
reduction and the points replotted. These curves were practically coin- 
cident throughout their entire length, indicating that salt concentration, 
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Fia. 2. Effect of pH on hyaluronidase activity. Hyaluronidase concentration, 
enzyme, and hyaluronate as in Fig. 1. Sodium chloride 0.09 m, buffers 0.002 m. 


over this range, had little effect on the kinetics of the reaction. Madina- 
veitia and Quibell (21) have shown this same result with the viscosimetric 
method but found that at very low salt concentrations there was no longer 
a linear relation between enzyme concentration and activity. 

Stability of Hyaluronidase during Assay—lIt was realized that hyaluroni- 
dase is unstable in very dilute solutions, and therefore the dilutions for the 
assay were made as rapidly as possible with cold solutions and the incuba- 
tion has been started as soon as possible after dilution. It seemed advis- 
able, however, to determine the extent of this instability and to study the 
effects of stabilizing agents under the conditions of the assay. 

It has been shown by McCullagh et al. (23) that partially hydrolyzed 
gelatin has a stabilizing effect on hyaluronidase both in solution and in 
the dry state. We tried various gelatin preparations and found that Difco 
Bacto-gelatin, autoclaved as a 5 per cent solution for 90 minutes at 15 
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pounds pressure and lyophilized, gave a low viscosity material with good 
stabilizing properties. The optimal concentration of hydrolyzed gelatin for 
stabilization under the conditions of the assay was determined with a hy- 
aluronidase having a potency of 1500 t.r.u. per mg. and was found to be 
about 0.33 mg. per ml. 

To determine the influence of enzyme purity on stability during assay, 
a number of lots of hyaluronidase, prepared by different methods, were 
assayed at activity levels of about 0.75 t.r.u. per tube with and without 
hydrolyzed gelatin. The results, given in Table I, indicate an increasing 
loss of activity during assay with increasing purity in the absence of gela- 
tin. The degree of stability of the different enzyme preparations in the 











TABLE [ 
Effect of Hydrolyzed Gelatin on Hyaluronidase Preparations of Various Potencies 
Hyaluronidase Potency* g Pa poy a oe in 
tru. per mg. ~~ 
ILE (STE Seen ey seem arnare 5250 1.69 
VIE so. cuctedeaisiu vie oS here 1500 1.64 
NARADA rosie. d cscges sea gis ion cowie 750 1.47 
UV IANDSS AG tec Sanaseracaiass ee eeaaaus staid lors 330 1.42 
ROS saeco op tiorers. ectsicieseaintereeere 220 1.28 
Riders Pah Ac arch nae Aerts 150 1.24 
PARMEN ss ciostos set atvasecae oss osin eee 0.9 | 0.99 








‘ Assayed without hydrolyzed gelatin. 


absence of gelatin was roughly proportional to the amount of total pro- 
tein present. 

The differences in activity ratio indicate that, when purified hyaluroni- 
dase preparations are assayed against a crude standard, a stabilizing agent, 


such as hydrolyzed gelatin, should be included in the incubation solution | 


of the standard and the unknown if accurate absolute potencies are to be 
obtained. 

It was found that the enzyme is protected by the gelatin-buffer solution 
when incubated without substrate either at 37° for 30 minutes or in the 
cold up to 48 hours at the concentrations which are used for the assay. 


Effect of Various Factors on Turbidity 


Meyer and Palmer (24) showed that in the presence of acetic acid vari- 
ous proteins produce a precipitate with hyaluronic acid. They suggested 
that the reaction was due to the combination of the positively charged 
protein with the negatively charged hyaluronate. Seastone (25) showed 
that a turbidity could be produced by hyaluronate and acid serum which 
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could be used as a measure of the hyaluronate concentration and noted 
that the amount of turbidity was decreased by an excess of either protein 
or hyaluronate. Kass and Seastone (13) modified this procedure for their 
hyaluronidase assay. We have investigated a number of conditions which 
affect this reaction such as salt, hyaluronate and serum concentration, pH, 
temperature, and time. The effects of most of these variables on tur- 
bidity appear to be due to variations of the charges on the hyaluronate, 
the protein, or the complex. 

While uniform turbidity production requires careful control of a number 
of factors, variation in turbidity-producing properties from one serum lot 
to another (17) has not been observed when the method of acid serum 
preparation outlined under ‘‘Method of assay” is employed. An essential 
part of the preparation is the acidification to pH 3.1 after the 1:10 dilu- 
tion with buffer. Failure to acidify (14, 16) results in a lower turbidity 
and in a standard curve having poor proportionality to enzyme concentra- 
tion. The pH of 4.3 for the buffer used to dilute the serum to 1:40 is a 
critical factor, since slight variations will result in variable turbidities. 
This pH is, however, in the region of maximal turbidity and minimal vari- 
ation. 

The effect of variation in serum concentration was studied both with 
intact and enzymatically degraded hyaluronate. When no enzyme was 
used, turbidity was maximal at 1:80 to 1:40 serum, with an appreciable 
decrease at 1:20. However, when sufficient enzyme was used to reduce 
the turbidity almost completely by the normal assay procedure (1:40 
serum), considerable turbidity was obtained at lower serum concentra- 
tions. Thus there is no single serum concentration which will give maxi- 
mal turbidity over the entire range of enzymatic degradation products 
and the concentration of 1:40 appears to be a suitable compromise. 

The concentration of salt in the 1 ml. of incubation solution affects the 
amount of turbidity obtained. There is a slight increase in turbidity 
from 0 to 0.1 ionic strength, a plateau of maximal turbidity from 0.1 to 
0.25, then a rather rapid diminution to zero at 0.6. 

The length of time of standing affects the amount of turbidity as does 
the temperature. After 30 minutes standing the rate of increase in turbid- 
ity is small, however, and the readings are customarily made at 30 + 2 
minutes. The effect of temperature on turbidity is appreciable, varying 
in a typical experiment from 98 Klett units at 17° to 102 at 25° and 110 
at 37°. Thus it is desirable to keep the tubes at relatively uniform tem- 
peratures. 

In trials for the standard curves with highly viscous, umbilical cord 
hyaluronates, it was found that, at the initial enzyme concentrations, the 
curve did not fall immediately but showed a flat or rising section before 
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falling. To examine this phenomenon further a curve was obtained with | men 
very low enzyme concentrations, a potassium hyaluronate giving a specific ) prep 
viscosity of 5.4 as a 0.1 per cent solution in 0.05 m phosphate buffer, pH | rout 
7.0, containing 0.05 m sodium chloride being used. Enzyme dilutions were | the | 
made up at 0.015 t.r.u. per ml. and at intervals up to 0.15 t.r.u. per ml. ity | 
with an additional concentration of 0.30 t.r.u. per ml., the latter two being C 
approximately the first concentrations on the usual standard curve. The |  shov 
results, shown in Fig. 3, indicate that there is a distinct rise in turbidity |} were 
with small quantities of enzyme. We have interpreted this result to mean | phat 
that the highly polymerized hyaluronate molecule can be broken down | cont 
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Fig. 3. Effect of very low hyaluronidase concentrations on turbidity with highly PF 
polymerized hyaluronate. UC hyaluronate, 0.125 mg. per tube; hyaluronidase, 75 | hum: 
t.r.u. per mg. cond 
into 2 or more molecules, each of which is still large enough to produce = 
turbidity with acidified serum. and 


These results might also be considered as additional evidence that the | out 
hyaluronidase produces a random splitting of the polymer, rather than | lowe 


end-group splitting (18). ' port 
diffe 

Comparison of Umbilical Cord and Vitreous Humor tion 
Hyaluronates As Substrates mol 


A comparison was made of the assay results obtainable with human | alur 
umbilical cord and bovine vitreous humor hyaluronates prepared as de- _ ting 
scribed previously (19). Fig. 4 shows a comparison of turbidity produc- H 
tion with the two hyaluronates at various concentrations. Although the _ bidi 
curves are slightly divergent at the higher levels, they are in good agree- the 
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ment, considering the differences in source and viscosity between the two 
preparations. The concentration of 0.125 mg. per ml. was chosen for the 
routine assay, since this amount gives a practical working turbidity with 
the purified hyaluronates and falls in the more linear portions of the turbid- 
ity curves. 

Curves of turbidity reduction with two other lots of hyaluronate are 
shown in Fig. 5. The specific viscosities of the UC and VH hyaluronates 
were 4.2 and 0.60, respectively, as 0.1 per cent solutions in 0.05 m phos- 
phate buffer, pH 7.0, containing 0.05 m sodium chloride. The sulfur 
content was less than 0.1 per cent (26). 
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Fig. 4. Comparison of turbidity production with umbilical cord and vitreous 


humor hyaluronate. O, UC hyaluronate; @, VH hyaluronate. Standard assay 
conditions. 





The UC hyaluronate curve shows the initial break previously discussed 
and the curve is nearly linear throughout most of its length, but flattens 
out in the lower turbidity range. The VH hyaluronate curve is slightly 
lower and does not show the initial break but has a slope in the linear 
portion almost identical with that of the UC hyaluronate curve. The 
difference between the two curves, which occurs with all of our prepara- 
tions of UC and VH hyaluronate, is due, at least in part, to the lower 
molecular weight of the VH hyaluronate. In comparison with UC hy- 
aluronate, the VH hyaluronate is less polymerized and therefore less split- 
ting is required to reduce the turbidity to the same level. 

However, the amounts of hyaluronidase required to reduce the tur- 
bidities to the same degree are quite similar. The results illustrate that 
the turbidimetric assay gives relatively consistent values, even with hy- 
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aluronates from different sources and with considerable variation in degre, diffe 

of polymerization. ferer 

With regard to the effect of non-inhibiting impurities in the substrate, hibit 

it was found that, when the amount of hyaluronate is varied 25 per cent,| more 

the turbidity reduction curves remain parallel in the linear portions. bee 
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Fic. 5. Standard turbidity reduction curves. O, UC hyaluronate; @, VH hy “Were 
aluronate. Conditions as described under ‘‘Method of assay.’? Enzyme potenc; 

218 t.r.u. per mg. Assayed with hydrolyzed gelatin, 0.3 mg. per ml. nF 

Fia. 6. Relationship of specific viscosity of hyaluronates to concentration and but 

to weight average molecular weight timesconcentration. ©, UC hyaluronate versus at t 

C; @, UC hyaluronate versus M, X C; O, VH hyaluronate versus C and My XC whic 

(two curves identical). Conditions as for the viscosimetric assay. ep. 

Viscosimetric Assay® It 

Influence of Hyaluronate Molecular Weight on Viscosimetric Assay pai 

Viscosimetric units for the standardization of hyaluronidase have been Hov 

established on the basis of the amount of enzyme required to reduce the ratic 

viscosity of a hyaluronate solution to one-half the original viscosity under mer 

specific conditions (3, 4, 7, 9). Other modifications have also been de T 

veloped (8, 12) which depend upon a hyaluronate standard. However, cosi 
Hadidian and Pirie (10) and Meyer (27) have pointed out that half vis 
cosity reduction times may vary as much as 10-fold with hyaluronates 0 

3A preliminary report on this section was given at the Miniature meeting of the 7 
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different initial viscosities. The former attributed the variation to dif- 
ferences in molecular size and in some instances to the presence of in- 
hibitor. The latter suggests that the opening of labile linkages in the 
more viscous preparations contributes to the more rapid viscosity re- 
duction. 

Our experience with purified UC and VH hyaluronates has been similar. 
These hyaluronates, which show almost identical behavior in the turbidi- 
metric assay, have shown up to 25-fold differences in rate of viscosity 
reduction. 

The presence of inhibitor in hyaluronate is evidenced by variation in the 
rate of turbidity reduction between hyaluronates or by differences in the 
slopes of the linear portions of the turbidity reduction curves.‘ The hy- 
aluronates used here show no such differences and behave quite similarly to 
those shown in Fig. 5. The differences which we have found in viscosity 
reduction may be accounted for by the difference in the molecular weights 
of the hyaluronates. 

The relative molecular weights were determined by the intrinsic vis- 


|__| cosity method which has been applied to hyaluronate solutions by Blix 
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and Snellman (28) and recently by Jeanloz and Forchielli (29). Fig. 6 
shows the specific viscosity (nsp.) of VH and UC hyaluronates as a function 
of hyaluronate concentration (C). Tangents were drawn to the curves at 
zero concentration and the ratio of the slopes, 3.74:1, was taken to be the 
ratio of the weight average molecular weights (Mw) (30). When the data 


“Were then plotted with 7). as a function of relative Mw x C, also shown 
‘in Fig. 6, the curves were almost coincident at the lower viscosity levels, 


but were somewhat divergent at the higher levels. The close proximity 
at the lower concentrations indicates that, under the assay conditions in 
which 7sp. is about 1, approximately the same relationship holds between 
np. and Mw X C for the two preparations. 

It has been shown by Kraemer and Lansing (31) that for linear poly- 
mers sp. is more proportional to weight average molecular weight than 
to number average molecular weight (Mn), as used by Staudinger (32). 
However, Florey (33) has shown for linear condensation polymers that the 
ratio Mw: Mn is relatively constant if the molecular size is above 10 mon- 
mer units per molecule. 

Therefore, if N is the number of molecules present at any given vis- 
cosity and K is the ratio Mw: Mn 


Cc 
N=KF (1) 


If this relationship is assumed to hold for hyaluronate, then the relative 
4 Alburn, H. E., and Whitley, R. W., unpublished work. 
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number of molecules present with any two hyaluronates is 
N. 4: CG iM We 


No *. C.Mu, 





(2) 


With two hyaluronates, at equal viscosities, at which np. = {(Mw X C), 
the ratio Ni:N¢2 is constant. 

To facilitate interpretation of the viscosity data with regard to enzyme 
action, the hyaluronates were used at equal initial viscosities and therefore 
at unequal concentrations. Data obtained turbidimetrically indicate that 
the difference in hyaluronate concentration should have but little effect 
on the enzyme reaction rate for the conditions used. The reaction rate is 
considered to be nearly independent of hyaluronate concentration and 
directly proportional to enzyme concentration. 

Viscosity reduction curves were obtained with the UC and VH hy- 
aluronates, whose relative molecular weights were determined previously, 
at initial specific viscosities of 1.4, the concentrations being 0.515 and 2.0 
mg. per ml., respectively. The viscosity determinations were made at 
25° in an Ostwald-Fenske pipette (water flow time 48 seconds) with 4.0 
ml. of hyaluronate solution and 0.2 ml. of a solution of hyaluronidase 
assaying 1500 t.r.u. per mg. The hyaluronate and enzyme were dissolved 
in 0.05 m phosphate buffer, pH 6.3, containing 0.05 m sodium chloride. 
These conditions are those employed by Hadidian and Pirie and are quite 
similar to those which we have found to be optimal for the turbidi- 
metric assay. The amounts of enzyme required for half viscosity reduc- 
tion in 30 minutes were 0.94 y for the UC hyaluronate and 14.8 y for 
the VH hyaluronate or a ratio of apparent activity of 15.7:1. 

If it is assumed that the initial distribution of molecular sizes is nearly 
equal (i.e., the ratio Mn: Mw is a constant), then for moderate changes in 
viscosity or molecular weight the viscosity reduction rates for the two 
hyaluronates should be constant, assuming random splitting within the 
molecule. The similarity in configuration between the viscosity reduction 
curves of the high and low viscosity preparations indicates that these as- 
sumptions are probably valid. This similarity is expressed quantitatively 
by the ratios of the times required to reach various viscosity levels, which 
are quite constant as shown in Table IT. 

The amount of splitting required to reduce the viscosities to the same 
level, on the basis of these assumptions, should be proportional to the 
number of molecules present, Ni: Noe, the value of which may be calculated 
from Equation 2. 

For the experiments reported here this value is 

M 3.74 X 2.00 


—t = = 1, 
N, 0515x100" * 
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Since the relative number of cleavages is considered to be nearly equal 
to the relative enzyme concentrations, the value 14.5 should be the ratio 
of the amounts of enzyme required for the two hyaluronates. The theo- 
retical value is therefore in fairly good agreement with the experimentally 
determined value of 15.7. 

An alternative but less direct procedure for approximating the relative 
amounts of enzyme required to give the same degree of viscosity reduction 
with two hyaluronates of different molecular size would be to determine 
the concentrations of the hyaluronates which give equal viscosities. At 


TaBLeE II 


Comparison of Time Required to Reduce Viscosities of Umbilical Cord and Vitreous 
Humor Hyaluronates to Various Levels 














Time required | 
Viscosity reduction | Time ratios, UC: VH 
VH hyaluronate* UC hyaluronatet | 
per cent sec. sec. 
15 184 225 1.22 
25 373 468 1.25 
35 642 805 1.25 
45 1068 1335 1.25 
55 1684 2110 1.25 











* With 20 y per ml. of hyaluronidase. 
{ With 1 y per ml. of hyaluronidase. 


low and equal viscosities, since 


N,  Ciltw | Mu G 


Ne = C.Mu, at Mw, C: 





then 


Ns _ Ce 
Nz C2? 


or the relative amounts of enzyme required should be proportional to the 
squares of hyaluronate concentrations. Similarly, it can be shown that 
the amounts of enzyme required will also be inversely proportional to the 
square of the relative hyaluronate molecular weights. For the experi- 
ments reported here, ('2:C.2 = 15.1 and Mw?:Mw; = 14.0. It can be 
seen from Fig. 6 that, if the experiments were run at lower viscosities at 
which the two np. = f(M w X C) curves are more coincident, these values 
and that for Mw.C,:Mw,C, would be identical, and that the experi- 
mentally determined value for Mw:C,:Mw,C, would be in closer agreement 
with the theoretical values. 

Hadidian and Pirie (34) have tabulated the viscosities of a number of 
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hyaluronate preparations isolated from various natural sources by several 
methods. The wide variations in the viscosities of these preparations may 
be partly due to impurities but are probably principally due to differences 
in degree of polymerization. Thus it is evident that a viscosimetric unit 
cannot be established with hyaluronate as the standard unless the mo- 


lecular weight of the hyaluronate is rigidly defined. Until such a standard | 


is defined, no definite relationship between the viscosimetric and turbidi- 
metric units can be established. 


SUMMARY 


Factors affecting the turbidimetric assay of hyaluronidase have been 


studied and the following observations made. (1) With increasing hy- — 


drogen ion concentration, less sodium chloride is required for maximal 
enzyme activity. (2) An increasing inhibitory effect of sodium chloride 
is apparent above pH 4.5. (3) Owing to the instability of the enzyme in 
dilute solution, activity is lost during the assay, but this loss can be pre- 
vented by including hydrolyzed gelatin in the incubation solution. (4) 
The use of substrates of widely different molecular weights has little effect 
on the assay. (5) Uniform turbidity production is dependent upon care- 
ful control of a number of factors such as pH, salt concentration, method 
of serum preparation, etc. 

It was found to be impracticable to correlate the turbidimetric unit 
with the viscosimetric unit until a standard hyaluronate is defined. At 
equal viscosities, the magnitude of the viscosimetric unit appears to vary 
inversely with the square of the hyaluronate molecular weight. 
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THE ETHIONINE-INDUCED FATTY LIVER: DOSAGE, 
PREVENTION, AND STRUCTURAL SPECIFICITY* 


By D. JENSEN, I. L. CHAIKOFF, anp HAROLD TARVER 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, April 14, 1951) 


The present report deals with the effects of ethionine and some of its 
analogues on the rat liver. The observation of Farber and his associates 
(1, 2) that fatty livers develop rapidly in fasted female rats after the ad- 
ministration of pL-ethionine has been confirmed. It is shown, in addition, 
that the L isomer is likewise active. In order to determine the relation 
between chemical structure and this effect, the following compounds were 
tested: ethionine sulfoxide, S-propylhomocysteine, S-isopropylhomocys- 
teine, S-methyleysteine, and S-ethylcysteine. The intraperitoneal injec- 
tion of ethionine sulfoxide also induced fatty livers, but its action in this 
respect was less pronounced than that of ethionine. The other compounds 
were inactive when compared with equimolar doses of ethionine. 


EXPERIMENTAL 


Treatment of Animals—Three strains of young adult rats were used, 
Long-Evans, Sprague-Dawley, and Slonaker. They were maintained on 
Purina chow pellets, and twice weekly they received lettuce in addition. 
Care was taken to match experimental and control groups of rats according 
to body weight. All compounds were administered by the intraperitoneal 
route. Unless otherwise noted, the amount administered at each injection 
was dissolved in 2 cc. of warm isotonic saline, and this was done imme- 
diately before injection. The rats were not fed after the first injection 
and were sacrificed 24 hours later. In seven of the experiments food was 
withheld for 12 to 15 hours before the first injection. In Experiments 5, 
7,9, and 10, the rats had access to food until the start of the experiment. 
No differences were noted between the liver lipides of animals that were 
fed until the first injection and those of rats previously fasted. 

Compounds—We are indebted to U. S. Industrial Chemicals, Inc., for 
the pt-ethionine used in these studies. The t-ethionine was prepared from 
the pL mixture by the method of Fodor, Price, and Greenstein (3, 4), the 
derivative used being the acetyl. The product had a rotation of [o]> = 


* The work reported herein was supported by a contract from the Veterans Ad- 
ministration upon recommendation of the Committee on Veterans Medical Prob- 
lems of the National Research Council. 
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+22.2° as a 1 per cent solution in 0.2 nN HCl; Stekol and Weiss (5) found 

[a]? = +20.1° (1 per cent in 1 N HCl). The rotation is actually greater 

in the stronger acid; for another preparation we found [a]*4 = +23.9° 

and +22.5° in 1 N and 0.2 n HCl, respectively. ¢ 
The pt-ethionine sulfoxide was prepared from ethionine by direct oxida- | lis 

tion according to the method of Toennies and Kolb (6). Analysis of the ber 


product yielded the following per cent composition. rats 
Calculated, N 7.82, S 17.88; found, N 7.75, 7.97, S 17.90, 18.03 By 
e 

The S-isopropyl- and S-propyl-pt-homocysteines were prepared from 
homocystine and the corresponding alkyl iodides by the liquid ammonia 7 
process. S-Methyl- and S-ethyl-t-cysteine were similarly prepared from i2f 
L-cystine. = 
Determination of Total Lipides—The animals were sacrificed with ether, a4, 


and the livers were removed and weighed. The entire liver was imme. — 
diately placed in a micro Waring blendor and homogenized with 30 ce. of 

95 per cent ethyl alcohol. The ground tissue was quantitatively trans) © 
ferred to a 125 cc. Erlenmeyer flask with several washes of ethanol and ™® 
stored at 6° until the lipides were extracted. The final volume of alcohol 

in each flask was about 75 cc. 

Enough ethyl ether was added to each flask to make the ratio of alcohol 
to ether about 3:1, and the mixture was heated in a water bath at 55-60° ' 
for about 18 hours. The extract was poured through filter paper into a 
500 cc. Kjeldahl flask fitted with a ground-glass joint and a closed side 
arm of 4 to 5 cc. capacity, constructed of 10 mm. tubing, and placed about 2 
1 inch below the joint. The liver residue was transferred to the filter 
paper with ether washes. Filter paper and tissue residue were then washed 
thoroughly with ethyl ether. 

The collected extracts in the Kjeldahl flask were concentrated to about 
1 cc. in vacuo on a hot water bath (55-60°); the last 100 cc. were removed 
in an atmosphere of CO2. Petroleum ether was then added to the con- 
centrate, and the lipides were extracted by heating the mixture on a steam , 
bath. While still warm, the petroleum ether solution was decanted into 
a tared 125 cc. Erlenmeyer flask, and during this transfer the small aqueous 
phase was caught in the side arm of the Kjeldahl flask. The aqueous 5 
residue was washed thoroughly with several separate portions of petroleum 
ether, and these washes were also added to the tared flask. 

The solvent in the tared flask was removed by gentle heating on a steam 
bath. The last 20 cc. were evaporated under an atmosphere of CO: o. 
The flasks were dried in vacuo over CaCl, for 24 hours and then weighed. 

The methods used for the determination of cholesterol, phospholipides, 
and total fatty acids of the liver have been described elsewhere (7, 8). 
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Results 
Ethionine Experiments 
Comparison of Effect of Intraperitoneal Injections of pu-Ethionine on Liver 
Lipides of Male and Female Rats—Twenty female rats and the same num- 


ber of males were used in Experiments 1 to 4 (Table I). At the time the 
rats were sacrificed they had been deprived of food for about 40 hours. 


TaBie I 


Effect of Intraperitoneal Injections of pu-Ethionine on Liver Lipides of Fasted Male 
and Female Rats (Long-Evans) 

The total amounts of pi-ethionine recorded below were injected intraperitoneally 
in four equal doses of 50 mg. each, dissolved in 2.0 cc. of isotonic saline. The in- 
jections were separated by intervals of 2.5 hours and the rats (ten in each group) 
were sacrificed 24 hours after the first injection. Food but not water was withheld 
after the first injection. 





























Comparison of differences between 
Ex- . Mean . naoani 
= Sex coisiagea Matas ar nere 9 Fm = rigilie otis 
No. Ist injection sa weight and s.e.* Normal controls and by acti 
ethionine-treated treated with 
animals ethionine 
mM gm per cent 
1 |M.| Food with-| 0 169 6.2+0.2 | t= 3.6 
- held 15] 1.23 153 8.8+0.7 | p < 0.01 t = 7.7 
r. hrs. 0 140 6.5+0.6 | ¢=8.8 p < 0.01 
1.23 143 15.8 +0.6 | p < 0.01 
2 |M.} Same 0 127 §.8240.1 | ¢ = 4.4 
ee 1.23 129 7.82+0.5 | p< 0.01 t= 4.3 
F, 0 112 6.540.2)}¢=5.8 p < 0.01 
a 1.23 111 12.441.0 | p< 0.01 
3 |M.| Food with-| 0 167 §.924+0.2 | ¢=1.7 
Si held 12] 1.23 159 7440.9) p<0.2>0.1 |) ¢=5.8 
F. hrs. 0 173 6.340.3 | ¢ = 7.7 p < 0.01 
“ti 1.23 182 16.74+1.3 | p < 0.01 
4 |M.| Same 0 162 §.740.1 | ¢=1.9 
“e 1.23 155 7.32408 | p< 01 >0.05 | t= 7.2 
A 0 137 6.6240.2 | ¢=11.1 p < 0.01 
* 1.23 140 15.740.8 | p < 0.01 
5 | “ | Food avail-| 0 168 7.240.4 |) ¢ =9.2 
= able ad 1.23 142 | 14.4+0.7 | p < 0.01 
libitum 








*The standard errors of the mean were calculated by the expression 
on = \/(2X? — nM?)/n(n — 1). on = standard error of the mean; X = an individ- 
ual observation; M = the mean of n observations. 

tt values were calculated by the expression, ¢ = (M, — M2)/+/o? + o% Mi 
and M: are the means of the two groups of observations; 0 and oz are the standard 
errors of the means. 
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The individual values for the liver lipides of the forty control female 
rats used in Experiments 1 to 4 ranged from 5.0 to 8.8 per cent. The 
intraperitoneal injection of ethionine into female rats resulted in a rapid 
and pronounced increase in the lipide content of their livers. The in- 
dividual values in Experiment 1 ranged from 13.2 to 18.0 per cent (mean | 
15.8); in Experiment 2, from 8.4 to 17.9 per cent (mean 12.4); in Experi- | 
ment 3, from 12.4 to 21.2 per cent (mean 16.7); and in Experiment 4, 
12.0 to 19.4 per cent (mean 15.7). 

The individual values for the lipide content of the livers of the forty 
control male rats used in Experiments 1 to 4 ranged from 5.0 to 7.7 per 
cent (Table I). The lipide content of the livers of the male rats appeared | 
to respond to ethionine injections, but this response was variable and in | 


TaB_eE II 


Comparison of Effects of pt- and u-Ethionine on Total Liver Lipides of Unfed Female 
Rats in 24 Hours (Long-Evans) 


Experiment 6—Ten rats in each group. Food was withheld for 15 hours before 


the start as well as throughout the experimental period. The ethionine was dis- ; 


solved in isotonic saline and was injected intraperitoneally at body temperature in 
three equal doses of 2.0 cc. (50 mg.) each at intervals of 2.0 hours; thus a total of 
0.92 mm of each of the compounds was given. 








Isomer injected Mean final body weight Total liver lipides, mean and s.e. 
gm. per cent 
DL 149 14.7+0.7 
L 151 15.8 + 0.4 








no way comparable with that observed in female rats. As judged by 
p values (9), the differences between the means of the ethionine-treated 
males and their controls are significant in Experiments 1 and 2 but not 
in Experiments 3 and 4. 

Comparison of Effects of Intraperitoneal Injections of pu- and L-Ethionine 
on Liver Lipides of Female Rats—Table II shows the results of intraperi- 
toneal injections of 0.92 mm of pL- and t-ethionine. No significant dif- 
ference was observed in the action of the two compounds when injected 
into fasted female rats (p <0.3 and >0.2). 

Dosage and Development of Fatty Livers—Experiment 7 (Table III) was 
designed to determine the minimum amount of pt-ethionine that can in- 
crease the liver lipides of the female rat. The smallest amount injected, 
50 mg. (a single injection), produced a decided increase. There was no 
indication that the injection of 250 mg. (five injections of 50 mg.) had a 
more pronounced effect than the injection of 150 mg. in three separate 
doses. 
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TaBLeE III 


Dosages with pi-Ethionine and Development of Fatty Livers in Unfed Female Rats 
(Sprague-Dawley) 

Experiment 7—Ten rats in each group. Each injection contained 50 mg. of DL- 
ethionine in 2.0 cc. of saline. When two or more injections were given, an interval 
of 2 hours was allowed to elapse between injections. The rats were sacrificed 24 
hours after the first injection. Food was fed ad libitum until the first injection, but 
no food was given thereafter. 




















pt-Ethionine 
———— Mean final body weight Total liver lipides, mean and s.e. 
No. of injections 0 
mM gm. per cent 
None 0 213 6.5 + 0.4 
1 0.31 214 10.4 + 0.5 
2 0.61 217 12.0 + 0.7 
3 0.92 166 13.5 + 0.6 
4 1.23 178 13.8 + 0.7 
5 1.50 167 13.7 + 0.6 





TaBLe IV 
Prevention of Ethionine Fatty Liver by pu-Methionine in Fasted Female Rats (Slonaker) 
Experiment 8—Ten rats in each group. The ethionine and methionine were dis- 
solved in the same solution and were injected intraperitoneally at body temperature 
in four equal doses of 2.0 cc. each at intervals of 2.5 hours; the rats were sacrificed 
24 hours after the first injection. Food was withheld for 15 hours before the first 
injection, and the animals were not fed thereafter. 


| | 

















Injections | ‘ ; p values* 
| Aethionne'vo | Mean final body hipidee meas and 
| P ce weil : | 
Ethionine — eas ; sisi | A | B 
mg. mg. gm. per cent | 
None | None 148 7.724 0.3 
200 si 145 19.7 + 0.7 | ¢ = 16.6 
p < 0.01 
200 47 1:4 144 11.2+0.8|¢= 4.3 t= 8.4 
p <0.01 | p < 0.01 
200 93 1:2 154 9.7 + 0.6 | ¢ = 3.0 t=1F-2 
|p < 0.02 | p < 0.01 
> 0.01 
200 184 1:1 136 8.6+0.4|)t=1.7 | t = 13.9 
p<0.2 | p< 0:0! 
> Rb. .| 
200 230 1:0.80 146 7.9+0.3|)t=0.5 | t = 16.6 
p<0.7 | p<0.01 
| > 0.6 




















* A, comparison between normal controls and experimental animals. B, com- 
parison between ethionine controls and experimental animals. 
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) 


Prevention of Fatty Livers by Methionine—The results recorded in Table 
IV confirm the earlier finding (1) that the development of fatty livers can| 
be prevented by the injection of pLt-methionine along with ethionine. The 
molar ratios of the injected ethionine and methionine are shown in the 
third column, and the results indicate that complete protection is obtained | 
when approximately equimolar amounts of methionine and ethionine are 
injected. Methionine protected the liver, even when the molar ratio of 
methionine to ethionine was 1:4. 

Nature of Fatty Liver—The livers of four ethionine-injected rats were 
analyzed for phospholipides, total and free cholesterol, as well as total 
fatty acids. The phospholipide and cholesterol contents of these liver) 


TaBLE V 
Character of Lipides in Livers of Ethionine-Treated Female Rats 
The lipides were obtained from the livers of female rats in Experiment 2 (Table 
I). The extracted total lipides were dissolved in chloroform, made to volume, and 
aliquots were taken for the several determinations. The values recorded are the 
average of two closely agreeing analyses. 


} 
; 














Treatment Rat No. bas J lipides =" ao cuoaee Pe 
gm. per cent per cent per cent per cent per cent 
Normal 1 3.1 her 4.9 3.8 0.34 0.23 
2 3.4 6.5 4.6 3.7 0.33 0.22 
3 4.6 5.5 3.4 3.9 0.28 0.22 
4 4.1 6.3 3.8 4.1 0.29 0.22 
Ethionine, 1 5.2 12.7 10.3 3.5 0.28 0.19 
1,23 mM 2 4.9 15.2 13.8 3.5 0.27 0.18 
3 4.7 17.9 15.1 3.0 0.33 0.16 
4 3.8 16.2 13.5 3.6 0.30 0.20 




















remained normal. It is, therefore, clear that the increase in lipides re- 
sulting from the ethionine injection is due to an increase in triglycerides 
(Table V). 


Experiments with Analogues of Ethionine and Methionine 


The following ethionine analogues were tested: pi-ethionine sulfoxide, 
S-propyl-pt-homocysteine, S-isopropyl-pL-homocysteine, and S-ethyl-1- 
cysteine. 

The effects of the intraperitoneal injection of ethionine sulfoxide on the 
livers of fourteen rats (Experiments 9 and 10) are shown in Table VI. _ Its 
action was compared with ethionine at two dosages: 0.61 and 0.92 ms. 
The mean lipide level for the ethionine-treated rats was 17.3 and 16.9 per 
cent in Experiments 9 and 10, respectively, while values of 12.7 and 11.8 
per cent were found for the animals injected with ethionine sulfoxide. 
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TasLe VI 
Effect of Several Analogues of Ethionine on Total Liver Lipides of Female Rats 
(Slonaker) 

Food was withheld from all the rats, starting with the first injection. The com- 
pounds administered were dissolved in isotonic saline, and were injected intraperi- 
toneally at body temperature in equal doses of 2.0 cc.* each at intervals of 2 hours. 
All animals were sacrificed 24 hours after the first injection. 





























: Mean : 
ro No. of oa ee Compound given final ek meee 
No. Tats tions | injected wane and s.e. 
mM gm. per cent 
9 4 | None None 155 7.4 + 0.4 
5 4 0.61 pL-Methionine 155 7.8 + 0.4 
5 4 0.61 pDL-Ethionine 159 | 17.38 + 0.8 
5 4 0.61 DL-Ethionine sulfoxide 170 | 12.74+0.9 
5 4 0.61 S-Propyl-p.L-homocysteine* 154 8.6 + 0.5 
5 + 0.61 | S-Isopropyl-pL-homocysteine 160 6.8 + 0.1 
10 10 | None None 140 6.9 + 0.1 
10 3 0.92 |} vxu-Methionine 154 7.5 + 0.2 
9 3 0.92 | pu-Ethionine 152 | 16.9 + 0.8 
9 3 0.92 | vu-Ethionine sulfoxide 147 | 11.8 + 0.7 
10 3 0.92 | S-Propyl-pL-homocysteine* 154 7.2 + 0.4 
10 3 0.92 | S-Isopropyl-pL-homocysteine 152 6.4 + 0.2 





* Owing to the gfeat insolubility of S-propylhomocysteine, each injection of this 
compound was given in 5.0 cc. of isotonic saline. 


TasLe VII 
Effect of S-Methyl-u-Cysteine and S-Ethyl-u-Cysteine on Liver Lipides of Female 
Rats (Long-Evans) 

Experiment 11—Ten rats in each group. Food was withheld from all animals 
for 15 hours before and throughout the experimental period. The compounds 
administered were dissolved in isotonic saline, and were injected intraperitoneally 
at body temperature in three equal doses of 2.0 cc. each at intervals of 2 hours. 
All animals were sacrificed 24 hours after the first injection. 














Total : Mean final | Total liver lipides, 
=e Compound given body weight| mean and se. 
mM gm. per cent 

None 178 6.0 + 0.1 

1 pL-Ethionine 178 14.9 + 0.9 

1 S-Methyl-.-cysteine 182 6.2 + 0.1 

1 S-Ethyl-i-cysteine 176 5.6 + 0.2 

1:1 pu-Ethionine: S-methyl-u-cysteine* 180 15.0 + 0.9 
| 








* Both compounds were injected simultaneously. 
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Both S-propyl- and S-isopropylhomocysteine failed to cause any rise in 
the liver lipides under the present experimental conditions (Experiments 
9 and 10, Table VI). 

S-Methylcysteine and S-ethyleysteine (Experiment 11, Table VII) were 
also ineffective. 





It was shown above that methionine protects the liver against the fatty | 


liver-inducing action of ethionine. In view of the structural similarity 
between methionine and S-methyl-1-cysteine, it was of interest to deter- 
mine whether the latter also afforded protection. Since methionine com- 
pletely prevented an increase in liver lipides when the amount injected 
was equimolar with that of ethionine, and even exerted an effect when the 
molar ratio of methionine to ethionine administered was 1:4, we therefore 
injected equimolar amounts of pt-ethionine and S-methyl-t-cysteine. The 
results shown in Table VII indicate that no protective action was afforded 
by the S-methylcysteine. 
DISCUSSION 


The deleterious action of ethionine is not restricted to the liver. In 
an earlier report from this laboratory (10), it was shown that the acinar 
portion of the pancreas undergoes destruction after the injection of this 
compound, and similar changes have been found by Farber and Popper 
(11). It is of interest here that, whereas the fatty liver-inducing action of 
ethionine was much more pronounced in female than in‘male rats, no sex 
difference was observed in its destructive action upon the pancreas (10). 


The structural specificity of the fatty liver-inducing action of ethionine | 


is shown by the series of compounds used in this study. Substitutions 
for the ethyl group of either methyl, propyl, or isopropyl radicals result 
in complete loss of activity. Oxidation of the sulfur of ethionine lowered 
but did not abolish its capacity to increase rapidly the fat content of the 
liver. This decreased activity of the ethionine sulfoxide might indicate 
that it is reduced to ethionine in the body. The inactivity of S-ethyl- 
cysteine further suggests that the aminobutyric radical is also essential. 

Methionine prevents the development of fatty livers in fasted rats when 
administered simultaneously with the ethionine. This was first shown by 
Farber et al. (1), and in the present study it is also demonstrated that 
methionine affords some protection, even when the molar ratio of methi- 
onine to ethionine injected is 1:4. Complete protection was afforded by 
a 1:1 molar ratio of methionine to ethionine. This protective action of 
methionine is also structurally specific, inasmuch as S-methyleysteine did 
not prevent a rise in liver lipides when the amount injected was equimolar 
with that of ethionine. These findings suggest that the ethyl-substituted 
analogue of methionine induces fatty livers by competing for the enzymes 
involved in the metabolism of methionine. 
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Our thanks are due to Mr. Dale Gross for preparing some of the com- 
pounds used in these studies, and to Dr. C. Entenman for many helpful 
suggestions during the course of the work. 


SUMMARY 


1. Intraperitoneal injections of pDL- or L-ethionine (1.23 mm) produce 
a rapid increase in the fatty acid content of the liver of fasted female rats. 
The phospholipide and cholesterol contents of the liver are not affected. 

2. Little or no change in the lipide content of the liver of the fasted male 
rat was observed after the injection of the same amount of pi-ethionine. 

3. In order to determine the structural specificity of the fatty liver- 
inducing action of ethionine, the following compounds were tested: ethi- 
onine sulfoxide, S-propylhomocysteine, S-isopropylhomocysteine, and S- 
ethyleysteine. Only ethionine sulfoxide was found active in the fasted 
female rat. 

4. The simultaneous injection of methionine along with ethionine pre- 
vents the accumulation of lipides in the liver of the fasted female rat. 
The injection of S-methyleysteine afforded no protection, a finding that 
indicates that the protective action of methionine is also structurally 
specific. 


BIBLIOGRAPHY 
1. Farber, E., Simpson, M. V., and Tarver, H., J. Biol. Chem., 182, 91 (1950). 
2. Farber, E., Koch-Weser, D., and Popper, H., Endocrinology, 48, 205 (1951). 
3. Fodor, P. J., Price, V. E., and Greenstein, J. P., J. Biol. Chem., 178, 503 (1949). 
4. Price, V. E., Gilbert, J. B., and Greenstein, J. P., J. Biol. Chem., 179, 1169 (1949). 
5. Stekol, J. A., and Weiss, K., J. Biol. Chem., 179, 1049 (1949). 
6. Toennies, G., and Kolb, J. J., J. Biol. Chem., 140, 131 (1941). 
7. Goldman, D. S., Chaikoff, I. L., Reinhardt, W. O., Entenman, C., and Dauben, 
W.G., J. Biol. Chem., 184, 727 (1950). 
8. Chaikoff, I. L., and Kaplan, A., J. Biol. Chem., 119, 423 (1937). 


9. Fisher, R. A., Statistical methods for research workers, London, 9th edition 
(1944). 

10. Goldberg, R. C., Chaikoff, I. L., and Dodge, A. H., Proc. Soc. Exp. Biol. and 
Med., 74, 869 (1950). 

11. Farber, E., and Popper, H., Proc. Soc. Exp. Biol. and Med., 74, 838 (1950). 




















asenaa 


INVESTIGATION OF A FRACTION OF ACIDS OF THE 
PHTHIOIC TYPE FROM THE TUBERCLE 
BACILLUS* 


By JAMES CASON anp GENE SUMRELL 
(From the Chemical Laboratory, University of California, Berkeley, California) 


(Received for publication, March 13, 1951) 


Since phthioic acid, isolated from the tubercle bacillus by Spielman and 
Anderson (1), was shown by Sabin (2) to cause typical tubercular lesions 
on intraperitoneal injection into test animals, there has been much interest 
in establishing the structure of this substance. Its properties clearly in- 
dicated it to be a branched chain saturated acid, and several types of 
structure have been proposed, the most recent of this kind having been 
3,13,19-trimethyltricosanoic acid (3). This structure was shown to be 
untenable (4), however, and, since obtaining phthioic acid has been very 
difficult, there has been a paucity of reliable data on which deductions 
concerning the structure might be based. Further investigation of this 
interesting material has been made possible for us by the generous gift 
from Professor R. J. Anderson of 24 gm. of crude methyl phthioate.! 

The ester was fractionally distilled through the 4 foot column which 
has been described (5) in detail, and the fractions so obtained were sys- 
tematically refractionated until it was concluded that as much separation 
had been accomplished as is possible by this method. A study of the 
physical constants of the fractions obtained, as recorded in Table I, re- 
veals several interesting facts. The most striking thing is the great com- 
plexity of the mixture of esters. The number of components is even 
greater than suggested by the work of Ginger and Anderson (6), who have 
reported the separation of four principal fractions from a mixture of acids 
of the phthioic type. The distillation pattern and physical constants show 
that at least twelve compounds are present in appreciable amounts, and 
the approximate locations of these components are indicated in Table I. 
The molecular weight range extends from below an acid with 23 carbons 
(Fractions 1, 2) to above one with 31 carbons (Fraction 36). It may be 
noted that in nearly all fractions a high index of refraction accompanies 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. This is Paper XXII in 
the series entitled ‘‘Branched chain fatty acids.’’ 

1This material, [a]p about +7°, consisted of fractions boiling higher than the 
methyl phthioate separated by Spielman and Anderson (1). It would be expected, 
therefore, to contain substantial amounts of esters of acids with more than 26 
carbons. 
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a high optical rotation, and both these constants reach a maximum in 
Fractions 17 to 20. It is indicated that these fractions are relatively 
homogeneous and contain the compound which constitutes one-fourth or 
more of the total mixture. The next most abundant component, in Frac- 
tions 30 and 31, has obviously not been obtained in a pure condition; in 
fact, the data indicate that none of the other components have been sepa- 
rated ina homogeneous condition. It has been possible, however, to isolate 
from Fractions 30 and 31 a sample of C2s saturated acid (Co9-phthianoic 
acid) believed to be homogeneous. This was accomplished by saponifica- 
tion of the ester, hydrogenation, conversion to the amide, recrystallization 
of the amide to constant melting point, saponification, and purification of 
the saturated acid by use of Amberlite IRA-400 strong anion exchange 
resin. Although it seems probable that other methods of separation may 
yield additional components of the mixture in a pure condition, and this 
matter is being pursued by us, attention is presently focused on learning 
the principal type of acid present. 

As mentioned in our preliminary report (7), the remarkably high rota- 
tion and index of refraction? of Fractions 17 to 20 are caused by presence 
of unsaturation. This had not been observed previously because the 
double bond is in the a,8 position, and such structures do not readily add 
halogen. Furthermore, hydrogenation with platinum catalyst is exceed- 
ingly slow in alcohol and could not be completed by us in this solvent, in 
spite of the fact that hydrogenation is quite rapid and complete in glacial 
acetic acid. The complexity of the mixture of esters, as shown in Table I, 
is no doubt increased by the presence of small amounts of saturated acids 
formed by hydrogenation during the isolation procedure (1). 

The a,@-unsaturated character of the ester in Fractions 17 to 20, for 
which we propose the name methyl C2;-phthienoate,? is clearly demon- 
strated by the ultraviolet absorption spectra presented in Fig. 1. These 
data also show that Fractions 17 to 20 are a reasonably good sample‘ of 
a,@-unsaturated ester, for the extinction coefficient at Amax, is about 85 


2 The relationship of index of refraction to structure and to molecular weight has 
been reported in an earlier paper (5). 

3 This name retains the root word suggested by Anderson, and unsaturation is 
indicated in the orthodox manner. By use of the prefix indicating molecular weight 
a multiplicity of common names for the different fractions may be avoided, and 
other functional groups may be conveniently indicated. For example, the saturated 
acid becomes C27-phthianoic acid. The basic hydrocarbon at this molecular weight 
would be C27-phthiane. 

4 Work in progress indicates that a 2-methyl-2-alkenoic acid has an extinction 
coefficient of 11,630, whereas for the ester ¢ is 12,170. Thus, the samples of methyl 
Co7-phthienoate and C27-phthienoic acid are probably considerably more homoge- 
neous than is indicated by comparison with the synthetic 3-methyl-2-alkenoic acid 
and its ester. 
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TABLE | 
Fractionation Data 
1 Rotations were observed in a 1 dm. tube on most of the fraction (or 0.6 gm.) 





























y dissolved in 5 ml. of chloroform. The precision of the measurement was £0.02°. 
r . | | | 
Fraction No. | Weight B.p. (2.0 mm.) [als ny 
| 
n gm. °C. 
" | ua 0.873 | 170-198 0.18 +012 1.4463 
2 0.623 198 -209 2.16 + 0.18 1.4503 
— 3* 0.705 | 209 -210.5 3.56 + 0.16 1.4503 
4 0.648 | 210.5-215 5.73 + 0.16 | 1.4513 
a. 5 0.747 | 215 -219 6.54 + 0.16 1.4538 
n — 6* 0.444 | 216 -224 9.86 + 0.26 1.4563 
if >7 0.590 | 224 -229 6.65 + 0.18 1.4552 
e 8* 0.728 | 229 -232 7.07 + 0.16 1.4561 
: 9 0.484 | 232 Ca. 10.67 + 0.22 1.4577 
y 10* 0.500 231 -231.6 10.79 + 0.22 | 1.4573 
oi 11 0.583 | 231 .6-231.8 10.69 + 0.20 | 1.4574 
g 12 0.374 | 231 .8-232 | 11.97 + 0.30 1.4585 
13 0.695 | 232 | 13.53 + 0.18 1.4593 
1- | 14* 0.662 | 231 -231.7 13.34 + 0.22 1.4592 
el 15 0.481 | 231.7 13.22 + 0.22 | 1.4592 
16 0.494 | 231.7 13.75 + 0.22 | 1.4595 
#4 17 0.219 | 231.7 | 14.60 + 0.50 1.4598 
id | 18 0.781 | 232 14.90 £0.18 | 1.4600 
1- “19 0.272 | 232 14.58 + 0.26 | 1.4600 
in 20 0.381 | 232 14.70 + 0.30 1.4600 
" 21* 0.333 | 231. 5-232 9.65 + 0.34 1.4584 
I 22 0.414 | 232 13.67 + 0.26 1.4600 
- 23 0.349 232. 5-233 13.42 + 0.34 1.4600 
ds 24* | 0.347 225 -233 8.63 + 0.32 | 1.4557 
25 0.436 233 -234 8.40 + 0.24 1.4597 
or 26 0.555 234 -239 11.85 + 0.18 1.4596 
" 27 0.462 239 -244 5.65 + 0.24 1.4567 
28 0.569 244 -245 0.00 | 1.4542 
3 29 0.237 245 -247.5 1.71 + 0.50 | 1.4540 
of | 30* | 1.398 245.5 —2.20 4 0.25 | 1.4533 
85 "$1 1.046 245.5-246.5 —2.74 + 0.22 1.4533 
32* 0.225 | 231 -245 —1.27 + 0.50 1.4538 
a 33 0.391 | 245 -248 —0.55 + 0.28 1.4556 
34 0.429 | 28 -253 ~1.28 + 0.26 | 1.4561 
of 35 0.414 | 253-258 —1.54 + 0.42 1.4561 
sht 36 0.537 | 258 259 ~2.25 £0.30 | 1.4548 
nd 937 0.427 259 Ca. ~1.89 40.26 1.4545 
ied 38 0.264 | Column stripped. 1.724043 | 1.4545 
ght 139 0.464 “ “ atO2mm. |) —1.17 + 0.24 1.4573 
ey | Total. .| 20.57 | | | 
- | | | 
et ~ designates approximate location of a component. 
C1 


* Designates points at which a new fraction was added for refractionation; hence 
the composition in the pot was suddenly changed and the cont inuity of boiling point 
is not significant, 
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per cent of that of the pure synthetic ester, ethyl 3-methyl-2-nonenoate 
(8). It may be seen that the extinction coefficient of Fraction 11 is lower, 
as are the optical rotation and index of refraction, while all three constants 
for Fraction 31 are still lower. It follows that the magnitude of the opti- 
cal rotation for the fractions in Table I is a criterion of the amount of 
a,6-unsaturated ester in the various fractions (except those near the transi- 
tion from dextrorotation to levorotation). 

From the physical data alone, certain other deductions may be made 
concerning structural features of C27-phthienoic acid. Since the hydro- 
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Fig. 1. Ultraviolet absorption spectra of a,8-unsaturated esters. Curve I, levo 
ester, Fraction 31 (Table I). Curve II, dextro ester, Fraction 11. Curve III, 
methyl C27-phthienoate, Fraction 19. Curve IV, pure ethyl 3-methyl-2-nonenoate. 


genated acid, C2;-phthianoic acid, has a specific rotation of only 2.8°, it 
follows that an asymmetric center is no more remote from the double bond 
than the y or 6 position. There must also be a branching group on the 
a- or B-carbon, for the Amax. in the ultraviolet absorption of methyl C2;- 
phthienoate is at 218 my, whereas an unsubstituted a,8-unsaturated ester 
has max. below 210 my (8). The very unusual absorption spectrum of 
C27-phthianoic acid, Fig. 2, for which the curve continues to rise below 
215 muy, resembles the curve of no saturated acid previously investigated 
(9) except that of 2,3 ,4-trimethylhexadecanoic acid, whose curve is slightly 
below but parallel to that of Cs;-phthianoic acid. This would indicate 
that C27-phthianoic acid is a 2,3,4-trimethylalkanoic acid, but the infra- 
red spectra and chemical evidence to be reported in the following paper 
combine with the behavior of C27-phthienoic acid on treatment with alkali 
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to show that there is not a substituent in the 6 position. It has been 
shown in an earlier paper in this series (8) that alkaline hydrolysis of the 
ester of a 3-methyl-2-alkenoic acid or a normal 2-alkenoic acid gives con- 
siderable equilibration with the 3-alkenoic acid. Alkaline hydrolysis of 
methyl C27-phthienoate gives little, if any, equilibration with the 6 ,y-un- 
saturated isomer, as shown by the absorption spectrum (Fig. 2) of Co7- 
phthienoic acid. For comparison, there is shown the spectrum of the acid 
obtained by a similar alkaline hydrolysis of pure ethyl 3-methyl-2-noneno- 
ate. The extinction coefficient at Nmax. for C27-phthienoic is 11,140, 














1 l Ra. l L lL L l 1 l oii 
220 240 260 280 300 320 
Amp) 

Fig. 2. Ultraviolet absorption spectra of unsaturated acids. Curve I, 3-methyl- 
2-nonenoic acid (containing some 3-methyl-3-nonenoic acid) obtained by alkaline 
hydrolysis of pure ethyl 3-methyl-2-nonenoate. Curve II, phthioic acid of Spielman 
and Anderson (1). Curve III, C2;-phthienoic acid. Curve IV, C27-phthianoic acid. 





whereas that for the best sample of 3-methyl-2-nonenoic acid (8) was 
12,000. Variation in substitution in the chain‘ may cause some small 
variation in extinction coefficient, but it is indicated that this sample of 
C27-phthienoic acid is an essentially homogeneous sample of a,6-unsatu- 
rated acid. 

Since terminal methyl analysis shows the presence of three branching 
groups in C.7-phthienoic acid, it follows from the above considerations 
that there is a branch in the a position, one in the y or 6 position, and 
still another branch more remote from carboxy]. 

It was first reported by us (7) that the acid in Fractions 17 to 20 con- 
tains 28 carbon atoms (mol. wt., 422.7), but this has been found in error, 
presumably on account of about 3 per cent neutral material in the first 








410 PHTHIOIC TYPE OF ACIDS 


samples of this acid titrated. The molecular weight was first questioned 
because the boiling point of the methyl ester is exactly that predicted (5) 
for the ester of a C2; acid containing three branches in the chain. The 
only known structure permitting this low a boiling point for the ester of 
a Cos acid is a quaternary carbon bearing four large groups, and the index 
of refraction of C27-phthianoic acid is entirely too low (5) for this type of 
structure. Recrystallization did not alter the equivalent weight, and an 
attempt to separate neutral material from the unsaturated acid by use of 
‘Amberlite IRA-400 strong anion exchange resin resulted in polymerization 
of most of the acid. An attempt to prepare the amide of the acid also 
gave mostly polymeric material. This ease of polymerization is also being 
encountered in work currently in progress on synthesis of 2-methyl-2-al- 
kenoic acids. An acid with an equivalent weight of 416 was finally ob- 
tained by molecular distillation, and the C27 formula was fully confirmed 
by purifying C27-phthianoic acid by use of the ion exchange resin. This 
serves as a reference for locating molecular weight in Table I. 

In order that the types of acids isolated by us might be correlated with 
the phthioic acid of Spielman and Anderson (1), Professor Anderson has 
kindly sent us a sample of the original phthioic acid. Its ultraviolet ab- 
sorption spectrum (Fig. 2) shows it to contain about 70 per cent a ,@-un- 
saturated acid, and quantitative hydrogenation gave hydrogen consump- 
tion in excellent agreement with this value for unsaturated acid. Recently, 
Chanley and Polgar (10) have also reported the isolation of unsaturated 
acids from the lipides of tubercle bacillus. Both their optical rotation and 
ultraviolet absorption spectrum indicate that their material contains about 
the same percentage of unsaturated acid as the material isolated by Spiel- 
man and Anderson. 

Experiments are under way, by others, to determine whether our C27- 
phthienoic acid retains the physiological activity reported (2) for phthioic 
acid. Ce7-Phthianoic acid is also being tested. 


EXPERIMENTAL® 


Methyl C27-Phthienoate (Fractions 17 to 20)—For the combined material, 
[a] = +14.7°, n® 1.4600, Amax. 218 my, € 12,230, m.p. 13-15°. A 
sample of Fraction 19, after standing for several months, suddenly crystal- 
lized when touched with a spatula, m.p. 30-32.5°. This high melting 
form has not been reconverted to the low melting form. A sample of 
Fraction 19 was used for analysis. 

CosH 5402 (422.7). Calculated, C 79.55, H 12.90; found, C 79.52, H 13.13 


5 The microanalyses are by the Microanalytical Division of the Department of 
Chemistry and Chemical Engineering, University of California. 
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Duplicate terminal methyl analyses* gave acetic acid corresponding to 
3.19, 2.68 moles per mole of ester; thus four terminal methyls or three 
branches in the chain are indicated. 

Cx7-Phthienoic Acid—1.45 gm. of Fractions 17 to 20 were saponified by 
heating under a reflux for 2} hours with a solution of 1.7 gm. of potassium 
hydroxide in 15 ml. of 95 per cent ethanol. The acid obtained directly 
from the saponification had [a]® = +17.34° + 0.2°, n® 1.4666. After 
crystallization from acetone, the melting point was 26-27°. On storage 
for several days at about 30°, slow crystallization occurred, to give a form 
melting at 39-41°. On melting and rapid cooling to about 15°, the low 
melting form again crystallized. For the total recrystallized sample [a]? = 
+17.8° + 0.2°, n® 1.4666, max. 216 mp, € 11,140. When one-half of the 
sample was allowed to crystallize, for the crystalline portion [a]® = 
+17.68° + 0.2°, for the liquid portion [a]> = +18.02° + 0.2°. 


Ce7H 5202 (408.7). Calculated, C 79.35, H 12.83; found, C 79.18, H 12.56 


Duplicate terminal methyl analyses® gave acetic acid corresponding to 
3.13, 3.30 moles per mole of unsaturated acid; thus four terminal methyls 
or three branches in the chain are indicated. This sample, used for the 
absorption spectra (Fig. 2), had an equivalent weight of 423.7, 426.8. 

Fractions 13 to 16, 22, and 23 (total weight 3.1 gm.) were combined 
and saponified as described above. After one crystallization from acetone, 
[a] = +16.74°, after two crystallizations, +17.3°, after three crystalliza- 
tions, +17.7°. The recovery was 1.31 gm., and, after molecular distilla- 
tion at 160° (0.3 mm.), equivalent weight 415.4, 417.2, Amax. 216 muy, 
e 11,350. 

C'x;-Phthianoic Acid—A sample of 0.298 gm. (0.728 mm) of C27-phthi- 
enoic acid, in glacial acetic acid solution, was hydrogenated at room tem- 
perature over commercial platinum oxide catalyst at atmospheric pressure. 
Hydrogenation was complete in 20 minutes (no further absorption after 
an additional hour), and there were consumed 18.0 ml. of hydrogen (cor- 
rected to standard temperature and pressure and for absorption of hydro- 
gen by the catalyst). For one double bond, the theoretical absorption is 
17.8 ml. The hydrogenated acid, obtained in 94 per cent yield, was puri- 
fied by absorption on a column of Amberlite IRA-400 strong anion ex- 
change resin according to the method previously described (13), and the 


6 Mr. H. V. Tashinian, of our Microanalytical Division, was unable to obtain 
satisfactorily consistent results by the method of Ginger (11). By following the 
usual procedure (12), except that the sample was heated at 120° in a sealed tube for 
12 to 24 hours, on several synthetic branched chain acids a reasonably consistent 
yield of 0.75 to 0.90 mole of acetic acid per terminal methyl was obtained. Some 
analyses gave very low results, however. 
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eluted acid was subjected to molecular distillation at 200° (0.3 mm.). The the 
purified acid crystallized after long standing and was polymorphic, m.p. 2-al 
22.5-23.5° and 30-32°, [a];’ = +2.85°, mp’ 1.4565. This index of refrac- | pig 
tion is normal for a saturated Cz; acid (5). The low melting polymorph 
crystallizes rapidly at 15°, and the high melting form crystallizes very 
slowly at 25°. 

The equivalent weight was 413.5, 414.8 (calculated, 410.7), and terminal 
methyl analysis® gave acetic acid corresponding to 2.82 moles of acetic 
acid per mole of phthianoic acid. The absorption spectrum is shown in | f 
Fig. 2. leas 

Phthioic Acid of Spielman and Anderson—A sample of 143.2 mg. of acit 
phthioic acid (1) was quantitatively hydrogenated in acetic acid as de- | Ou 
scribed for C2;-phthienoic acid. Absorption of hydrogen corresponded to sec 
74 per cent of the theoretical amount of hydrogen for one double bond in — car 
a Cz, acid. This is in good agreement with a,@-unsaturation in phthioic tha 
acid as determined by ultraviolet absorption (Fig. 2), Amex. 216 mu, e 7920 aci 
(70 per cent of the value for C27-phthienoic acid). For the hydrogenated bre 
acid [a] = +2.10° + 0.7°, as compared to [a]>> = +2.85° + 0.34° for 
C27-phthienoic acid. 

C2x9-Phthianamide—Fraction 31, Table I, had a melting point 20—23°, 
Amax. 218 my, € 2050, indicating about 15 per cent unsaturation. Quan- 
titative hydrogenation of the ester in Fractions 30 and 31 (weight 2.13 
gm.) in glacial acetic acid, as described for C27-phthienoic acid, gave ab- 
sorption of 24 per cent of the theoretical amount of hydrogen for one 
double bond. The hydrogenated ester was saponified with alcoholic potas- ) °%: 
sium hydroxide, and the acid was purified by use of Amberlite TRA-400 : 
resin, followed by molecular distillation at 220° (0.3 mm.). The product 
so obtained melted at 29.5-31°. A sample of 1.10 gm. of acid was allowed 10. 
to stand overnight in a solution of 1 ml. of purified thionyl chloride in 5 | U. 
ml. of dry benzene. After benzene and excess thionyl chloride had been 12. 
removed at reduced pressure, the residual acid chloride, dissolved in 10 | 
ml. of pure, dry dioxane, was added dropwise with swirling to 15 ml. of 
ice-cold concentrated aqueous ammonia. After the precipitated amide had 
been crystallized from acetone, there were obtained 775 mg., m.p. 49-51°. 
After two additional crystallizations, the melting point was 51—52.8°. 








om C8 BO et 


CosHssNO (487.8). Calculated, N 3.20; found, N 3.24 


C2x-Phthianoic Acid—A sample (283 mg.) of amide was saponified by 
heating at 170° for 12 hours in a solution of 0.84 gm. of potassium hydrox- 
ide in 15 ml. of diethylene glycol. The acid, after purification by use of 
Amberlite IRA-400 and crystallization from acetone, melted at 31-33.5°, 
[o}® = —2.24° + 0.2°. This broad melting point is presumably due to 
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the presence of diastereoisomers resulting from hydrogenation of a 2-alkyl- 
2-alkenoic acid. It has not yet been possible to convert this acid to a 
higher melting polymorph. 


CasHss04. Calculated. Equivalent weight 438.7 
Found. #8 ‘© 434.0, 436.5 


SUMMARY 


A mixture of acids of the phthioic type has been shown to contain at 
least twelve components, ranging in molecular weight from C2; to C3. One 
acid has been isolated in a pure condition and termed C27-phthienoic acid. 
Our evidence indicates this acid to be a 2-alkyl-2-alkenoic acid, with a 
second substituent in the 4 or 5 position, and a third substituent on a 
carbon more remote from the carboxyl. The physical data also indicate 
that the mixture contains other acids of similar structure to C27-phthienoic 
acid but of different molecular weight. After hydrogenation, a saturated 
branched chain acid, termed C29-phthianoic acid, has also been isolated. 
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THE PRINCIPAL STRUCTURAL FEATURES OF 
Cx7-PHTHIENOIC ACID* 


By JAMES CASON, N. K. FREEMAN, anp GENE SUMRELL 


(From the Chemical Laboratory, Division of Medical Physics, Donner Laboratory, and 
the Radiation Laboratory, University of California, Berkeley, California) 


(Received for publication, March 18, 1951) 


In the preceding paper (1) of this series it was shown that C27-phthienoic 
acid is an a,B-unsaturated acid with three branching groups along the 
chain. The evidence indicated that one of these branches is in the 2 posi- 
tion and another in the 4 or 5 position. In the present paper are reported 
deductions based on infra-red spectra and chemical evidence which cor- 
roborate the structural features already proposed and extend the knowledge 
of the structure of this acid to include all aspects except the location of 
one methyl group and the geometrical isomerism at the double bond. 


Infra-red Spectra 


In Fig. 1 are shown the infra-red spectral transmission curves from 5 
to 16 uw of stearic acid, C27-phthienoic acid, C2;-phthianoic acid, and methyl 
Cz7-phthienoate. The spectral region from 2 to 5 u contained no features 
of interest to the present discussion. Stearic acid, included for compari- 
son, has the characteristic absorption bands of long chain normal fatty 
acids. Since our conclusions will be reached largely from empirical con- 
siderations, we will not review the description of these characteristic bands 
and their interpretation as presented by Shreve and coworkers (2). More 
general background for structural interpretation of infra-red spectra may 
be found in recent publications (3, 4). 

The most striking feature of the spectrum of phthienoic acid, in com- 
parison with that of stearic acid or numerous other branched chain acids,} 
is its relative complexity. Absorption bands of appreciable intensity occur 
at 6.08, 8.56, 10.06, 12.50, 13.26, and 14.92 uw, and none of these are ex- 
hibited by saturated acids. The first of these bands, at 6.08 u, corresponds 
to the well known carbon-carbon double bond stretching frequency, and 
its presence gave the initial indication of unsaturation in this molecule. 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service, and by the Atomic En- 
ergy Commission. This is Paper XXIII in the series entitled ‘‘Branched chain fatty 
acids.”” 

1A comprehensive investigation has been made of the infra-red spectra of 
branched chain saturated acids, and this will be reported by one of us (N. K. F.) in 
another journal. 
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416 Co7-PHTHIENOIC ACID 


This has been confirmed (1) by hydrogenation, and ultraviolet spectra 


vibré 
have shown the double bond to be in the a,@ position. The bands in the ever, 
region beyond 10 u are also consistent with the presence of a double bond, | yoly: 
and all the bands listed above are absent from the hydrogenated acid, have 


C2;-phthianoic acid. Although the curve for methyl phthienoate exhibits Thu 
the C=C band at 6.05 u, the only strong band in the long wave-length | the. 
range that is coincident with any of the “unsaturation” bands of the acid 
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is that at 13.28 4. This difference cannot be attributed to any structural in 
change of the skeleton in going from ester to acid, for a sample of acid was ph 
reesterified with diazomethane and the spectrum of this sample of ester Te 


was the same as that obtained with the original ester directly from distil- Tl 

lation. les 
Although substitution of alkyl groups about a double bond has been kr 

correlated (3) with frequencies of the long wave-length bands in alkenes, (3 

this correlation is not applicable to an a,8-unsaturated acid. Rasmussen 

(3) has pointed out that substitution of a non-hydrocarbon group on an se 

unsaturated carbon has a pronounced (and unpredictable) effect on the of 
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vibration frequencies responsible for the long wave-length bands. How- 
ever, these bands are believed to result from deformation vibrations in- 
volving hydrogen, and a double bond about which all the hydrogen atoms 
have been substituted contributes none of the long wave-length bands. 
Thus, the presence of several such bands in phthienoic acid and of one in 
the ester strongly suggests the presence of at least 1 hydrogen atom on the 
unsaturated carbons. Although this can hardly be regarded as conclusive, 
it is consistent with chemical evidence to be presented below. 

The infra-red evidence appears entirely consistent with the view (1) 
that the double bond in phthienoic acid is in the a,8 position. Various 
workers (5, 6) have reported that the carbonyl absorption found at 5.75 u 
in saturated esters is shifted to longer wave-lengths by 0.05 to 0.07 uw in 
conjugated esters. In order to determine whether such a shift is observ- 


TABLE I 
Wave-Lengths of Double Bond Absorption Maxima 





Compound 








X(c=0) (c=c) 
# # 

3-Methyl-3-nonenoic acid.................6. 5.85 6.09 
3-Methyl-2-nonenoic ‘ .................65 5.88 | 6.09 
Cs-PRtRIGHOIe. AGIG S550). itn d od we ear eies 5.91 | 6.09 
Ethyl 3-methyl-3-nonenoate................ 5.79 6.08 
‘« 3-methyl-2-nonenoate................ 5.87 | 6.08 
Methyl C2;-phthienoate..................... 5.85 | 6.08 





able in phthienoic acid or its ester, their spectra in the region of 5.5 to 
6.5 w were carefully compared with the spectra of 3-methyl-3-nonenoic 
acid,’ 3-methyl-2-nonenoic acid,? and the esters? of these acids. These 
compounds (0.2 m solutions in chloroform in cells of 0.1 mm. thickness) 
were run as consecutive series, in order to avoid slight calibration shifts 
which may result from ambient temperature changes. The bands were 
sharp and the peaks can be located to the nearest 0.01 4. From the data 
in Table I, it may be seen that the carbonyl absorption maxima for both 
phthienoic acid and its ester are shifted about 0.06 » from the maxima 
recorded for the synthetic acid and ester known to be 6,y-unsaturated. 
The shift in absorption maxima between the 2- and 3-alkenoic acids is 
less than the shift between the corresponding esters, as expected from the 
known lack of homogeneity? of the acids. Although it has been reported 
(3) that the C—C stretching frequency is altered by conjugation with the 

? The preparation of these compounds has been reported earlier (7), and, as de- 


scribed in that paper, each of these unsaturated acids contains appreciable amounts 
of the other unsaturated acid, but the esters are regarded as entirely homogeneous. 
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carbonyl, this is not observed in the present instances. The intensity of 
the C=C absorption, relative to the carbonyl band, is considerably en- 
hanced in the synthetic pairs by conjugation, but less so in phthienoic acid 
and its ester. A possible explanation of this difference is the presence of 
a B-methyl in the former case and an a-methy] in the latter case. If this 
can be confirmed by study of additional examples, it should be of consider- 
able use in structural studies. 

Some deductions may be made regarding the nature of the branching 
by correlating the spectrum of phthianoic acid with those of various types 








of branched chain acids' and with the known spectra of branched chain | 


aliphatic hydrocarbons (8). First, there are indications that the molecule 
has neither the iso nor the neo configuration. The spectra of 2-methyl- 


alkanes, isobutyric, isocaproic, and 17-methyloctadecanoic acids all exhibit | 


two features which are absent from the spectra of phthianoic acid and 
most other acids. One feature is a band at 8.55 uw, prominent in hydro- 
carbons but relatively weak in acids; the other is the splitting of the band 
at 7.3 » into a doublet. Although this splitting is obscured in the curve 
obtained in carbon disulfide solution by the proximity of solvent absorp- 
tion, it becomes clearly apparent in carbon tetrachloride solution. Other 
workers (9) have reported this splitting for isopalmitic and isostearic acids, 
as well as a similar but differentiable splitting for the corresponding neo 
acids. Hence the absence of any splitting in the case of phthianoic acid 
is evidence against both structures. 

Of the various types of fatty acids examined,' those containing a qua- 
ternary carbon atom more remote from carboxy] than the a position have 
shown an absorption band at 8.8 uw. In phthianoic acid there are weak 
bands near this position, but their dissimilarity to those in the reference 
compounds indicates that a quaternary carbon is absent. This is consist- 
ent with the conclusion reached (1) from consideration of the index of 
refraction of phthianoic acid and the boiling point of methyl phthienoate. 

From the spectra of 3- and 4-methylalkanes, the presence of ethyl and 
propyl groups has been associated with bands at 12.95 and 13.5 uy, re- 
spectively. These bands are observed in 15- and 16-methyloctadecanoic 
acids and in 15-ethylheptadecanoic acid. In other instances in which the 
ethyl is close to another branch or to carboxyl, a slight shift downward is 
observed. In a few instances, weaker bands in this region have resulted 
from other causes, but the absence of any absorption in the region at 12.5 
to 13.8 » seems valid evidence that branching ethyl or propyl groups are 
not present in phthianoic acid. By analogy with other natural products, 
the presence of larger branching groups seems very unlikely. 

The overlapping bands at 7.8 and 8.1 u are characteristic of normal fatty 
acids (2), and a study of numerous branched chain acids! has shown that 
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the positions and relative intensities of these bands remain unaffected, 
unless there is a substituent no more remote from carboxy] than the 6 posi- 
tion. In phthianoic acid, the positions of these bands deviate from the 
normal in a manner most nearly resembling that of 2-methyloctadecanoic 
acid. Their intensities are about equal, whereas the shorter wave-length 
band is the stronger in nearly all acids except those branching at the a 
position, in which instances this relationship is reversed. This suggests 
that in phthianoic acid there is a methyl in the a position and is con- 
sistent with the hypothesis that there is another methyl no more remote 
than the 6 position. Again, this evidence is in agreement with conclusions 
reached from independent evidence (1). 

One further set of measurements was carried out in an attempt to assay 
the number of terminal methyls in the molecule. This is especially desir- 
able since determination of this quantity by oxidation is not entirely reli- 
able (1). To refer once again to hydrocarbons, it has been demonstrated 
(10) that their absorption at 7.3 uw is associated with methyl groups, and 
the intensity of this absorption is a function of the number of such groups. 
For example, Gore and Petersen (11) concluded, from this feature of the 
infra-red spectrum, that the Cy, acid from polymyxin is a branched chain 
acid, and this conclusion has been substantiated. Our correlation of the 
intensity of the 7.3 » band with the number of methyl groups has proved 
definitive for saturated acids containing one, two, or three methyl groups, 
but extrapolation is hazardous. The two available samples (12) of acids 
with four methyl groups were 2,3,4-trimethylhexadecanoic acid and 
4,8,12-trimethyloctadecanoic acid. When these were run in the same 
cell at the same molar concentration, the optical densities (against an 
arbitrary background) were 0.25 and 0.4, respectively. The value of 0.35 
obtained for phthianoic acid is in good agreement for four methyl groups; 
the branches not concentrated near carboxyl as in 2,3 ,4-trimethylhexa- 
decanoic acid. Four is certainly a minimum figure, for the highest optical 
density obtained with any acid containing three methyl groups was 0.2. 
Without examples containing five methyl groups, there is no assurance 
that the range for this number does not overlap that for four methyls, but 
it is of interest that analysis by oxidation (1) has also indicated four methyl 
groups in phthianoic acid. 


Chemical Studies 


It has been shown in an earlier paper (13) that a methyl substituent in 
an a or B position in an acid may be conclusively located by study of the 
rate of alkaline hydrolysis of the amide. Application of this method to 
C2;-phthianamide has definitely established that there is a methyl group in 
the a position and no substituent in the 6 position. The apparent second 
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order rate constant for hydrolysis of this amide was 0.063 liter per mole 
per hour. For 2-methyloctadecanamide, under the same conditions, the 
constant was 0.058 for the average of four runs in which the spread was | 
0.054 to 0.061. The agreement between the values for these amides is 
considered within the limit of precision of the method, but, in any case, 
the rate for the phthianamide is not less than that of the 2-methylamide, 
as would be the case for a 3-methylamide. The possibility of an additional 
substituent in the 3 position is positively eliminated by the fact that the 
constant for 2 ,3-dimethyloctadecanamide is only 0.0076. For 2,3 ,4-tri- 
methyloctadecanamide, the constant is further reduced to 0.0040, and this 
is of considerable interest, for the constant for a 4-methylamide is the 
same as that for a normal amide (13). This means that the presence of 
methyl groups in the 2 and 3 positions makes it possible for a 4-methyl 
substituent to hinder the carbonyl, whereas the 4-methyl substituent alone 
does not appreciably hinder the carbonyl. This is further support for the 
quasi ring structure of fatty acids, as postulated in an earlier paper (14). 

The location of the second methyl] at the 5 position, rather than at the 


4 position, has been accomplished by a study of the behavior of phthienoic | 


acid on heating. It is known (7) that heating of an a,@-unsaturated acid 
to 200° causes relatively rapid equilibration with the 8 ,y-unsaturated acid; 
so if such an acid contains an asymmetric center in the y position, heating 
must racemize this asymmetric center. It is further known (15) that 
heating of a y-alkyl-8,y-unsaturated acid above 200° causes equilibration 
with the y-lactone, the equilibrium being shifted far towards the lactone. 
In the absence of the y substituent, equilibrium is far towards the acid, 
insignificant amounts of lactone being formed. When C27-phthienoic acid 
was heated at 225-235° for 40 hours, the specific rotation was lowered 
from 17.7° to 13.7°; thus there was only partial racemization after ade- 
quate heating to effect complete racemization if the substituent were in 
the y position. Furthermore, there was very little lactone formation, for 
the material recovered after heating had an equivalent weight of 447, and 
the extinction coefficient in the ultraviolet spectrum was 10,300. Thus, 
the recovered material was principally a,8-unsaturated acid. In addition 
to the other evidence cited above, which seems conclusive for the absence 
of a y substituent, it is also the case that a y substituent would cause the 
acid recovered after heat equilibration to contain considerable 8 , y-unsatu- 
rated acid. 

Although it has been claimed (16) that there is no equilibration between 
a B,7y-unsaturated acid and the y,é6-unsaturated acid, the above evidence 
strongly indicates that there was a very slow equilibration of this sort 
which caused the small observed lowering of the rotation. The proper- 
ties of the recovered acid show that there was not enough conversion to 
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lactone or general decomposition to explain the lowering of the rotation. 
This matter is being further investigated in this laboratory. 

Since the ultraviolet spectra and optical rotations indicate that the mix- 
ture from which C27;-phthienoic acid was separated (1) contains other simi- 
lar acids of different molecular weight, certain structural features of the 
levorotatory C2 -phthianoic acid (1) have been examined. ‘The infra-red 
spectrum of C2 -phthianoic acid is entirely similar to that of the dextro- 
rotatory C27-phthianoic acid; thus a similar skeletal structure is indicated. 
Furthermore, hydrolysis of C29-phthianamide (1) gave the same rate con- 
stant that was obtained for C27-phthianamide; hence the a-methy] is also 
present in the higher molecular weight, levorotatory acid. 

The geometrical isomerism around the double bond in the phthienoic 
acids has not been investigated, for the presence of the a-methyl places 
this study in an entirely unexplored field, and the synthesis of model com- 
pounds seems required. 


EXPERIMENTAL 


The infra-red spectral transmission curves were recorded on a Baird infra- 
red spectrophotometer. Except as otherwise indicated in the discussion, 
the acids were run in carbon disulfide solutions (about 50 gm. per liter) 
in a cell of 0.9 mm. thickness. In these curves, the region from 6.2 to 
7.2 » is masked by solvent absorption. The methyl C2;-phthienoate was 
run as a liquid film of approximately 0.025 mm. thickness. 

Heating Cx-Phthienoic Acid—202 mg. of Cz7-phthienoic acid, [a]; = 
+17.72° + 0.2°, were heated in a sealed tube for 6 hours at 225°. On 
molecular distillation of the product at 180° (0.4 mm.), there were ob- 
tained 180.3 mg., [a], = +16.23° + 0.45° (chloroform). Since the air 
in the tube had apparently caused some decomposition of the unsaturated 
acid, heating of the same sample was continued in a nitrogen-filled sealed 
tube for an additional 34 hours at 235°. After this heating period, there 
were recovered 160.5 mg. of acid, [a};> = +13.73° + 0.50°, Amax. 216 my, 
e 10,300, equivalent weight 447. 

Co7-Phthianamide—250 mg. of C27-phthianoic acid’ were allowed to stand 
overnight in a solution of 1 ml. of purified thionyl chloride in 5 ml. of dry 
benzene. After excess thionyl chloride and benzene had been removed at 
reduced pressure, the residual acid chloride was dissolved in 10 ml. of pure, 


3In order to conserve material for biological testing, this phthianoic acid was 
obtained in part by hydrogenation of the heated sample of C27-phthienoic acid, which 
contained some neutral material. This is no disadvantage for making the amide for 
rate studies, however, since the purity of the amide can be assessed by nitrogen 
analysis more precisely than the rate constant is determined. Also, the melting 
point of the amide is of limited use for characterization, because it is a mixture 
of diastereoisomers. 
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dry dioxane and added dropwise with swirling to 25 ml. of ice-cold concen- 
trated ammonium hydroxide. After the precipitated amide had been crys- 
tallized twice from acetone, there were obtained 103 mg., m.p. 40—46.5°, 


wo 
wa 
ref 
CzHs;NO (409.7). Calculated, N 3.42; found, N 2.74, 3.07 Tul 


, 
The average value for nitrogen indicates a purity of 84.8 per cent for the | a 


amide. After the determination on this sample of amide, the saponifica- | 


TaBLeE II 
Apparent Second Order Rate Constants for Saponification of Amides 
The initial molarity of the potassium hydroxide in 1-propanol was 0.498. 





— J} 
. Initial molarity of 1 
Amide santé k } 





2-Methyloctadecanamide................... 0.0336 0.057 

Se Berens ows vat 0.0134 0.054, 0.061 
0.059, 0.059 
2,3-Dimethyloctadecanamide............... 0.0137 0.0076 
2,3,4-Trimethylhexadecanamide............ 0.0340 0.0040 
Cey-PHUDIANAMNGC 5.060 .566s000 06 ccedeneececs 0.00847 0.063 | 
eg PMURIANAMIGC. ..0 5. occ cc siete ec aeee ces 0.0259 0.0635 











an 
TaB_z III 
Calculations for Rate Constant for Hydrolysis of C2-Phthianamide 





G=~- 3 


t x a-%x b—x log -—— 








hrs. 


4.1 0.00133 0.4970 0.00714 1.843 
7.9 0.00220 0.4961 0.00627 1.898 
11.3 | 0.00282 0.4955 0.00565 1.943 
22.45 | 0.00445 0.4938 | 0.00402 2.089 

















a = 0.4983, b = 0.00847; slope = (22.45 — 6.00)/(2.089 — 1.870) = 75.1, omni 
k = 2.303/ (0.4885) (75.1) = 0.063. 
tion was taken to completion. The total ammonia titrated corresponded | Tea: 
to 84 per cent purity for the amide, an amount in excellent agreement | esti 
with the above values obtained by Kjeldahl analysis. Also, the acid ob- 1 
tained after this hydrolysis was purified by use of Amberlite IRA-400 ion 
exchange resin and molecular distillation, and a pure sample of C2;-phthi- 
anoic acid was obtained. 

Rate Constants—The method used has been described in detail (13).| wh 
The previous work was not directed towards establishing absolute rate | and 
constants but apparent constants under a given set of conditions for use| log 
in structure determination. The principal uncontrolled variable which} fort 
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would be expected to cause minor variations was the exact amount of 
water in the 1-propanol used as solvent. In order to establish a point of 
reference for the present determinations and to evaluate the precision for 
runs with only about 0.008 mole of amide, several trials were made on 
2-methyloctadecanamide and one on 2,3-dimethyloctadecanamide. The 
agreement in these instances with the data previously published (13) was 
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Fig. 2. Determination of slope for rate constant for hydrolysis of C27-phthian- 
amide. 


reasonably good, but sufficiently different to emphasize the necessity for 
establishing a point of reference on known compounds. 
The data were handled as previously described, with the equation 


ix. 2.303 x (1 a di a-—@z 
~ k(a — b) EG 7" 





b—az 


where a is the initial molarity of alkali, b is the initial molarity of amide, 
and x is the number of moles which have reacted in time ¢. By plotting 


log (a — x)/(b — x) against ¢t in hours, the equation was reduced to the 
form 
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2.303 1 





a—b slope 
In Table II are assembled the rate constants, expressed in liters per 
mole per hour. For C2;-phthianamide, complete data are given in Table 
III, and the plot for the slope is given in Fig. 2. 
SUMMARY 


The structure of C2;-phthienoic acid has been further investigated by 


use of infra-red spectra, study of the behavior of the acid on heating, and | 


study of the rate of hydrolysis of C27-phthianamide. The structural fea- 
tures of the acid, indicated by this investigation, are shown in the formula 


C,H »—(CH2)1; -C H—CH.—_C=C—C0:H 


ow 


CH; CH; H CH; 


C2-Phthianoic acid, which is levorotatory, also has an a-methyl sub 
stituent, and has the same infra-red spectrum as C27-phthianoic acid: 
Thus, the mixture of acids of the phthioic type appears to consist primarily 
of acids structurally similar to the formula shown above. 
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ENZYMATIC DEGRADATION OF AMINO ACID ANTAGONISTS* 


By EARL FRIEDEN, LIEN TIEN HSU, ann KARL DITTMER 
(From the Department of Chemistry, Florida State University, Tallahassee, Florida) 


(Received for publication, September 13, 1950) 


Many amino acid antagonists are now available (1) to make possible 
investigations of the mechanism of their inhibitory properties. Since the 
inhibitory effects were generally observed in complete biological systems, 
we initiated experiments to test the effect of amino acid antagonists on 
the activity of several well defined enzymes; namely, pD- and L-amino acid 
oxidases and L-tyrosine decarboxylase. 

As our studies were being completed, Bender and Krebs (2) reported 
results on the oxidation of a different group of synthetic amino acids by 
p- and L-amino acid oxidases. Zeller and Fleisher (3) have published re- 
sults on the specificity of ophio-L-amino acid oxidase. Data concerning 
the specificity of mammalian and bacterial decarboxylases have been pre- 
sented by Blaschko (4, 5). 


EXPERIMENTAL 


L-Amino Acid Oxidase Tests\—The t-amino acid oxidase employed in 
these experiments was obtained in the form of dried venom from the cot- 
tonmouth, Agkistrodon piscivorus, from Ross Allen’s Reptile Institute, 
Silver Springs, Florida. The activity of this enzyme with various amino 
acid analogues as substrates was determined by the Warburg technique of 
Zeller and Maritz (6, 7). Usually 5.0 mg. of dried snake venom were 
weighed directly into the side arm of the vessel and dissolved in 0.5 ml. of 
0.2 n sodium phosphate buffer, pH 7.2. An approximate optimum amount 
of substrate consisting of 30 or 60 uM of the pL-amino acids, or one-half 
that amount of the L-amino acids, was weighed into the main compart- 
ment. The substrate was dissolved or suspended in 1.40 ml. of 0.2 nN 
sodium phosphate buffer, pH 7.2, and 0.9 ml. of distilled water. The 
temperature was maintained at 37.0° + 0.1°. When decomposition of 
hydrogen peroxide was desired, 0.10 ml. of a Sarett preparation of catalase, 
stated to decompose 30 times its own weight of H,O2, was added to the 


* This work was supported in part by a research contract with the Office of Naval 
Research. Reported in part at the thirty-fourth annual meeting of the Federation 
of American Societies for Experimental Biology, Atlantic City, New Jersey, April 
17-21, 1950. 

1 All volumes and weights were carefully measured or determined so that all the 
figures given are significant to three places, even though they are not so written. 
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main compartment. In the center well was placed 0.2 ml. of 20 per cent 
sodium hydroxide. A blank vessel containing all the components except 
the amino acid and another vessel containing phenylalanine as a reference 
were included in each series of tests. The enzyme preparation used ex- 
hibited an activity as Qo,, microliters of O2 consumed per hour per mg. of 
enzyme preparation, with leucine as substrate, equal to 130, compared to 
380 reported by Zeller (7) for the activity of dried A. piscivorus.2 How- 
ever, the activity was sufficient to permit a simultaneous comparison of 
rates and completeness of oxidation of amino acids from each experiment. 
The data obtained with phenylalanine and five amino acid anologues, 
representative of results with twenty-two amino acid analogues and five 
naturally occurring amino acids, are presented in Fig. 1. From data simi- 
lar to those plotted in Fig. 1 it was possible to calculate the rate of oxida- 
tion in microliters of oxygen consumed per hour per 5 mg. of enzyme 
preparation, the rate of oxidation relative to phenylalanine taken as 100, 
and the completeness of oxidation expressed as per cent of the theoreti- 
cal amount of oxygen consumed based on 0.5 mole of oxygen reacting with 








1 mole of L-amino acid in the presence of catalase for the oxidative degra- | 


dation of twenty-two amino acid analogues and five natural amino acids 
chosen as reference points; these calculations are presented in Table I. 
An examination of the data in Table I reveals that most of the amino 
acid analogues are degraded by L-amino acid oxidase at 74 to 107 per cent 
of the rate of oxidation of phenylalanine. The only exception was £-2- 
naphthylalanine, which was oxidized at a rate of 6 per cent; this may be 
due to the incomplete and slow solubility which characterizes this com- 
pound. The fluorophenylalanines reacted at rates slightly greater than 


— 


— 


phenylalanine. Bromine substitution had no significant effect on the rate | 


of oxidation of B-2-thienylalanine. Nitro substituents increased the aver- 
age relative oxidation for both benzene and thiophene rings. Zeller and 
Fleisher (3) reported earlier on the effectiveness of a thienylalanine as a 
substrate for snake venom oxidase. 

The inactivity of a-methylserine and a-amino-6-phenoxyisobutyric acid 
is in agreement with the proposed theory of action of amino acid dehydro- 
genases as presented by Cohen and McGilvery (11), which states that an 
a-hydrogen must be present for enzymatic attack. According to this same 


— 


ee 


reasoning, l-amino-1-carboxycyclopropane should not be degraded; yet the | 


data show that it is oxidized at 32 per cent of the rate of phenylalanine; 


2 The lower enzyme activity was due to the higher phosphate concentration 
employed in our experiments, 0.135 M compared to 0.067 m used by Zeller (7). 
Kearney and Singer (8) recently reported on the reduction of L-amino acid oxi- 
dase activity by phosphate. The Qo, of the same venom with 0.067 m tris(hydrox- 
ymethy])aminomethane buffer, pH 7.2, was 460. 
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possibly the cyclopropane ring opened slowly, making the oxidative deami- 
nation possible. 

We found that the L-amino acid oxidase from cottonmouth venom 
would oxidize a-aminobutyric acid and valine at appreciable rates, whereas 
Bender and Krebs (2) reported cobra venom ineffective with these two 
amino acids. Zeller, Iselin, and Maritz (12) and Zeller (7), using venom 
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Fig. 1. The oxidation of amino acids by L-amino acid oxidase of cottonmouth 
venom. The microliters of oxygen consumed have been plotted against a con- 
densed time scale of 30 minutes per scale unit, and the amino acids have 
been individually plotted for a period of 60 minutes. Each Warburg vessel con- 
tained 5.00 mg. of dried venom, 60 um of pL-amino acid, 0.10 ml. of catalase, and 
sodium phosphate buffer of pH 7.2, 37°. The theoretical oxygen consumption of 
336 ul. of oxygen has been indicated. 


from Vipera aspis and Bothrops jararaca, obtained results similar to those 
reported in this paper. Such species differences in enzymatic specificity 
have been reported before (13). 

While we were making the determinations with cottonmouth venom 
L-amino acid oxidase, it was possible to compare the rates of oxidation in 
the presence and absence of catalase. The presence of catalase consistently 
reduced by one-half the amount of oxygen consumed, which is in complete 
agreement with the observations made by Zeller (7). The presence or 
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Tasie I 
Oxidation of Amino Acids by Cottonmouth t-Amino Acid Oxidase and Kidney p-Amino 
Acid Oxidase 
t-Amino acid oxidase p-Amino acid oxidase 
pL-Amino acid Rate Rate 
Rate of | relative to|Theoretical}| Rate of | relative to | Theoretical 
oxidation | phenyl- oxidation | oxidation | phenyl- oxidation 
alanine alanine 
(1) (2) (3) (4) (5) (6) (7) 
| wl. 4 ber per cent | ¥ 1 hae per cent 

Phenylalanine 650 100 100 600 100 101 
B-2-Thienylalanine 416 64 96 138 23 47 
6-3-Thienylalanine 604 93 97 300 50 85 
5-Bromo-f-2-thienyl- 462 71 99 480 80 | 128 

alanine 
5-Nitro-8-2-thienyl- 624 96 107 288 48 103 

alanine 
B-2-Furylalanine 598 92 102 192 32 64 
4-Methylphenylalanine 539 83 63 540 90 96 
4-Aminophenylalanine* 572 88 104 378 63 107 
4-Nitrophenylalanine* 799 123 104 504 84 95 
2-Fluorophenylalaninet 722 111 100 444 74 98 
3-Fluorophenylalaninet 703 108 101 624 104 | = 108 
4-Fluorophenylalaninet 709 109 98 390 65 94 
a-Amino-1 ,2,3-triazole- 540 83 91 114 19 | 39 

propionic acid{ | 
Tryptophan 566 87 112 348 58 | 96 
B-1-Naphthylalanine 494 76 66 114 19 | 24 
B-2-Naphthylalanine 39 6 7 138 23 | 18 
B-3-Thianaphthyl- 540 83 81 198 33 51 

alanine§ | 
L-Tyrosine 612 94 99 0 0 | 0 
Leucine 650 100 97 444 74 | 92 
Valine 169 26 31 570 9 | 101 
Allylglycine 676 104 105 150 25 | 55 
Methallylglycine 689 106 100 102 7 | = 2% 
Crotylglycine 716 110 108 372 62 | 83 
a-Aminobutyric acid|| 578 89 95 618 103 | 100 
1-Amino-1l-carboxy- 111 a7 38 240 40 | 78 

cyclopropane] | 
a-Methylserine|| 0 0 0 0 0 | 0 
a-Amino-8-phenoxy- 0 0 0 0 0 0 

isobutyric acid 




















Column 1, all natural amino acids were obtained from the usual commercial 
sources. Unless otherwise indicated, the synthetic amino acids were prepared in 
the authors’ laboratory as summarized by Dittmer (1). Experimental conditions 
described in the text. 

Column 2, the rate of oxidation of each amino acid by L-amino acid oxidase was 
determined from the slope of the straight line portion of the plot, microliters of O: 
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TaBLe I—Concluded 


consumed versus time; this usually extended over the first 20 minutes of the experi- 
ment. Qo: as microliters per hour can be calculated from this by dividing by 5 mg. 

When the plot of the oxygen consumed versus time was not linear, the rate of oxida- 
tion was based on the microliters of oxygen absorbed over the first 20 minutes. 

| Columns 3 and 6, relative rate of oxidation compared with the rate of oxidation 
of phenylalanine, determined in a simultaneous experiment, taken as 100. 

Columns 4 and 7, per cent theoretical oxidation calculated from the observed 
| microliters of oxygen consumed compared with the theoretical microliters of oxygen 
that should have been absorbed, based on the requirement by 1 mole of D- or L-amino 
acid of 0.5 mole of oxygen in the presence of catalase. 

Column 5, the rate of oxidation of 30 um of pi-amino acid by 100 mg. of dried 
kidney extract determined from the oxygen consumed over the first 10 minutes of 
the experiment, since the oxygen consumed is not linear with respect to time. Qo, 
in terms of microliters of oxygen consumed per 60 minutes per mg. of enzyme prepa- 
ration can be calculated by dividing the rate by 100 mg. 

* Prepared by the method of Erlenmeyer and Lipp (9). 

{ Supplied by Dr. M. D. Armstrong, University of Utah College of Medicine, 
Salt Lake City, Utah. 

t Supplied by Dr. S. B. Binkley and J. C. Sheehan through the Bristol Labora- 
tories, Inc., Syracuse, New York. 

§ Prepared by Dr. Werner Herz of this department by a modification of the 
method of Avakian, Moss, and Martin (10). 

|| Supplied by Dr. J. E. Johnson of The Dow Chemical Company, Midland, 
Michigan. 

{ Supplied by Dr. J. S. Meek of the Department of Chemistry, University of 

Colorado, Boulder, Colorado. 





absence of catalase did not alter markedly the relative rates of oxidation of 
any of the amino acid analogues tested. 

The data of Table I also indicate that all of the amino acids were oxi- 
dized to completion. 8-2-Naphthylalanine is an exception, but the diffi- 
jeulty with solubility explained above is very likely responsible for this 
variance. When the rates were slow, the amount of L-amino acid oxidase 
was increased and theoretical oxygen uptake could always be observed 
within 5 hours of incubation. We were also able to confirm the observa- 
tion of Bender and Krebs (2) that some amino acids are oxidized further. 
Thus, with 25 mg. of venom, 30 uM of amino acid, and 0.10 ml. of catalase, 
after 5 hours incubation 4-aminophenylalanine, §-2-furylalanine, trypto- 
phan, and crotylglycine absorbed appreciably more than 30 microgram 
atoms of oxygen. 

p-Amino Acid Oxidase Tests—The pv-amino acid oxidase employed in 

these experiments was prepared by mixing 150 gm. of VioBin hog kidney 
powder with 500 ml. of distilled water in a Waring blendor for 15 minutes. 
The solids were discarded after centrifugation and the supernatant was 
lyophilized; it weighed 19.4 gm. When the lyophilized solid was not suit- 
able for grinding, it was taken up in 100 ml. of cold distilled water to which 
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5 volumes of cold acetone were added. The resulting precipitate was 
removed by filtration, dried, and could be ground to a homogenous powder. 
The activity of this enzyme with various amino acid analogues as sub- 
strates was determined by the Warburg technique essentially as described 
by Krebs (14). When the relative rate of oxidation was being measured, | 
100 mg. of enzyme preparation were used or, when the extent of oxidation 
was determined, up to 200 mg. were suspended in 0.6 ml. of 0.2 m sodium 
pyrophosphate buffer, pH 8.5, and placed in the side arm of the vessel. 
15 or 30 uM of DL-amino acids were weighed into the main compartment | 
and dissolved or suspended in 1.3 ml. of 0.2 N sodium pyrophosphate buffer, 
pH 8.5, and 0.9 ml. of distilled HO. The temperature was maintained at 
37.0° + 0.1°. 0.2 ml. of 20 per cent sodium hydroxide was placed in the 
center well. Each vessel was equilibrated with air for 10 minutes prior to 
closing the system, after which measurements were made every 5 minutes. 
A blank vessel containing all of the components except the amino acid and 
another vessel containing phenylalanine as a reference were included in 
each series of tests. 

From curves similar to those presented for L-amino acid oxidase in Fig. 1 


it was possible to calculate the microliters of oxygen consumed per hour per | 


100 mg. of enzyme preparation, from the oxygen consumption in the first 
10 minutes. The rate of oxidation relative to phenylalanine was taken as 
1.00, and the completeness of oxidation was expressed as per cent of the 
theoretical oxygen consumption during the p-amino acid oxidase degrada- 
tion of twenty-two amino acid analogues and four natural amino acids 
chosen as reference points. These data are also presented in Table I. 

An examination of the results obtained with p-amino acid oxidase indi- 
cates that, unlike the results obtained with the L-amino acid oxidase, many 


of the amino acid analogues were oxidized at much lower rates than phenyl- | 


alanine. With this enzyme system the rates consistently decreased with 
time; for this reason, the rates of oxidation were arbitrarily calculated as 
the microliters of oxygen consumed per hour, determined from the oxygen 
uptake for the first 10 minutes. The relative rate of oxidation showed 
some variation with concentration, since the enzyme was not saturated 
with substrate at the concentrations employed. It will be noticed, for 
example, that 6-2-thienylalanine was oxidized at only 23 per cent the rate 
observed for phenylalanine, 8-2-furylalanine at 32 per cent, 6-3-thienyl- 
alanine at 50 per cent, allylglycine at 25 per cent, etc. However, with 
substituted aromatic amino acids we found greater rates of oxidation; ¢.g., 
5-bromo-6-2-thienylalanine, 80 per cent; 3-fluorophenylalanine, 104 per 
cent. Blaschko and Stiven (5) observed an even greater effect of meta- 
chloro substitution. Bartlett (15) found that the meta-substituted benzoic 
acids were the most effective competitive inhibitors of D-amino acid oxidase. 
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Substrate competition was observed when 30.0 um of 6-2-thienylalanine 
and 6-2-furylalanine were separately mixed with 30.0 um of phenylalanine. 
Oxygen consumptions slightly under the arithmetic mean of the values 
obtained for each amino acid when tested alone were observed. 

Several of the amino acid analogues were only partially oxidized, even 
though 200 mg. of dried kidney extract were mixed with only 15.0 um of 
the amino acids at pH 8.5. The data suggest that if much larger amounts 
of enzyme could be used complete oxidation would result. More than 1 
atom of oxygen per mole of amino acid was absorbed in the enzymatic 
oxidation of 5-bromo-6-2-thienylalanine, 4-aminophenylalanine, and possi- 
bly crotylglycine. 

L-T'yrosine Decarboxylase Tests—u-Tyrosine decarboxylase activity was 
studied with essentially the system of Umbreit et al. (16). 1.00 to 50.0 
mg. of a washed and dried cell preparation of Streptococcus faecalis R, sup- 
plied by W. W. Umbreit of the Merck Institute for Therapeutic Research, 
or prepared by the method of Sloane-Stanley (17), was weighed into the 
main compartment of the Warburg vessel. Solutions or suspensions of 
amino acid, final concentration 0.08 to 0.17 mM, were added to the side arm. 
Calcium pyridoxal-5-phosphate, donated by Dr. Karl Folkers of the Merck 
Institute for Therapeutic Research, 10 y. per ml., and sufficient sodium 
acetate buffer, pH 5.5, for a final concentration of 0.1 M in acetate were 
added to the main compartment. Each vessel was equilibrated for 10 
minutes at 28.5° + 0.1° with air in the gas space. Manometric measure- 
ments were made at 5 minute intervals. A blank vessel containing all the 
above components except the amino acid was included in each run. Reac- 
tion rates are expressed in terms of the Qco,, microliters of carbon dioxide 
produced in 60 minutes by 1.00 mg. of enzyme preparation in 1.00 ml. of 
reaction mixture at 28.5°, calculated for the first 30 minutes of incubation. 

8-2- and 6-3-thienyl-pL-alanine were found to be weak substrates, with 
& Qco, of 1.5, compared with 3.1 and 96 of pi-phenylalanine and L-tyro- 
sine, respectively. In small Warburg vessels with vessel constants of ap- 
proximately 0.5 ul. per mm. and 50 mg. of enzyme, the change in height of 
the manometer was 90 mm. in 40 minutes, despite the low Qco, values. The 
decarboxylation of phenylalanine has been reported earlier by McGilvery 
and Cohen (18) and by-Dr. W. W. Umbreit in a private communication. 
3-Amino-L-tyrosine’ was observed to be an effective substrate, with an av- 
erage Qco, of 47.4 

Amino acids which were not decarboxylated at significant rates included 


* Obtained from the Bios Laboratories, Inc., New York. 

‘A preparation of 3,5-difluorotyrosine exhibited some activity in this system, 
but elementary analysis and color tests suggested the presence of sufficient L-tyro- 
sine as impurity to account for this activity. 


ViimM 
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6-2-furyl-pL-alanine, 4-fluoro-pi-phenylalanine, 4-methyl-pL-phenylala- 
nine, 4-hydroxyphenyl-pt-glycine,’ phenyl-pi-glycine,® 3-nitro-L-tyrosine, 
3 ,5-dichlorotyrosine (19), 2,5-dibromotyrosine,’ and 3 ,5-diiodo-L-tyrosine 
(20). None of the amino acid antagonists or other tyrosine analogues 
tested showed any inhibition of L-tyrosine decarboxylase activity with 
L-tyrosine as the substrate when added in equimolar amounts. 


DISCUSSION 


The effectiveness of the amino acid antagonists as substrates in L-amino 
acid oxidase, D-amino acid oxidase, and L-tyrosine decarboxylase suggests 
that these compounds do not inhibit by interfering with these phases of 
amino acid catabolism. In the case of the p- and L-amino acid oxidases 
studied here, the appreciable substrate activity of the amino acid antago- 
nists precludes their testing as inhibitors in these systems. In L-tyrosine 
decarboxylase, no inhibiting effect on L-tyrosine activity was observed for 
these synthetic amino acids when tested in equimolar amounts. 

The comparable rates of oxidation of the B-arylalanines in the presence 
of L-amino acid oxidase is a striking example of what Baldwin (21) de- 
scribes as “group specificity.” The nature of the 6 group has little or no 
effect on the ability of the enzyme to degrade the amino acid except as 
noted by Zeller (7). This relatively rigid “group specificity” is not as 
impressive for D-amino acid oxidase, since variation in 6 substitution fre- 
quently leads to several fold differences in rate. 

The fact that 6-2-thienylalanine is oxidized, though slowly, by kidney 
D-amino acid oxidase may help to account for the recent observations by 
Ferger and du Vigneaud (22, 23) that 6-2-thienyl-p-alanine was a phenyl- 
alanine antagonist of rat growth, whereas it was completely ineffective in 
preventing the growth of three microorganisms which are very sensitive 
to the L isomer or racemate. The p-amino acid oxidase known to occur in 
rat tissue might oxidize 8-2-thienyl-p-alanine to the corresponding a-keto 
acid, from which it could be aminated to the active 6-2-thienyl-t-alanine. 


The authors graciously acknowledge the generous supplies of amino acid 
analogues received from various sources as indicated in the foot-notes to 
Table I. 


SUMMARY 


The activity of a number of amino acid antagonists and analogues in 
several crude enzyme systems involved in amino acid catabolism has been 
studied. 


5 Obtained from The Matheson Company, Inc., East Rutherford, New Jersey. 
6 Obtained from the Eastman Kodak Company, Rochester, New York. 
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L-Amino acid oxidase of cottonmouth venom catalyzed the oxidation of 
twenty-two amino acid analogues tested except two with a tertiary a-car- 
bon. Amino acid antagonists, particularly the 6-arylalanines, were oxi- 
dized at rates very comparable to that of the corresponding naturally 
occurring amino acids. The theoretical yield of oxygen was observed in 
almost every case and exceeded the theory for 8-2-furylalanine, trypto- 
phan, 4-aminophenylalanine, and crotylglycine. 

p-Amino acid oxidase obtained from hog kidney oxidized the same group 
of amino acids, though frequently at rates much less than the corresponding 
natural compound. Complete oxidation was obtained for about three- 
fourths of the amino acids tested, excess oxidation being observed for 5- 
bromo-6-2-thienylalanine, crotylglycine, and 4-aminophenylalanine. 

Phenylalanine and 6-2- and 8-3-thienylalanine proved to be weak sub- 
strates for L-tyrosine decarboxylase, whereas many tyrosine derivatives 
were inactive. None of the amino acids antagonized the activity of L-tyro- 
sine in this system when tested in equimolar quantities. 

The data suggest that the amino acid antagonists do not inhibit by inter- 
fering with the enzymatic degradation of amino acids. 
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ENZYMATIC INCORPORATION OF C*-BICARBONATE INTO 
ACETOACETATE IN THE PRESENCE OF VARIOUS 
SUBSTRATES* 


By G. W. E. PLAUTt anp HENRY A. LARDY 


(From the Department of Biochemistry, College of Agriculture, and the Institute for 
Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, January 15, 1951) 


In a previous study (1) a new CO,-fixing mechanism’ was demonstrated 
by which C" from bicarbonate is incorporated into the carboxyl group of 
acetoacetate by rat tissue preparations. Although carbonyl-labeled ace- 
tone was found to be predominantly inserted into the acetone portion of 
acetoacetate by liver homogenates, the addition of non-isotopic acetone 
did not enhance the incorporation of CO, into the carboxyl group. How- 
ever, this fixation was increased by the addition of pyruvate. A study 
was therefore made of the incorporation of CO, into the carboxyl group of 
acetoacetate produced from a variety of substrates. The present com- 
munication describes the striking differences in amount of C so incor- 
porated, depending on the source of the acetoacetate and on the presence 
of certain other metabolites. 

Methods—The reaction mixture of Recknagel and Potter (2) (¢f.(1)) was 
employed. In addition to the buffer salts it contained 0.014 mM malonate, 
0.0007 m adenosinetriphosphate, and 9.7 ml. of 20 per cent rat liver ho- 
mogenate in isotonic KCl per 17 ml. of total medium. The methods of 
incubation and the procedures used for the degradation of acetoacetate 
and counting of radioactivity were identical with those previously de- 
scribed (1). 

The metabolically produced acetoacetate was determined by the method 
of Greenberg and Lester (3) and an analytically determined amount of 
acetoacetate ‘carrier’? was added (approximately 0.5 mm). ‘The carrier 
is required to obtain amounts of BaCO; adequate for plating and all of the 
values in Tables I, II, and III have been calculated back to metabolically 
produced acetoacetate. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Nutrition Foundation, 
Inc., and the United States Public Health Service. Presented in part before the 
Division of Biological Chemistry at the 118th meeting of the American Chemical 
Society, Chicago, September 3, 1950. BaCO; was obtained from the Atomic En- 
ergy Commission. 

+ Predoctoral Fellow of the National Cancer Institute. 
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Glutamic acid was isolated as the barium salt, which was then con- 
verted to the hydrochloride. Organic acids were removed by continuous 
ether extraction of the acidified medium for 8 days prior to the isolation 
of glutamate. Glutamic acid was degraded to succinic acid and carbon 
dioxide by chloramine-T (4). 

Materials—Butyric, isovaleric, caproic, caprylic, propionic, valeric, non- 
ylic, and heptylic acids were obtained from the Eastman Kodak Com- 
pany. Crotonic acid, a gift from the Tennessee Eastman Company, was 
recrystallized from Skellysolve A. cis-Aconitic acid was prepared by the 
method of Malachowski and Maslowski (5), dl-6-hydroxybutyric acid by 
hydrolysis of the methyl ester, and potassium pyruvate from commercial 
pyruvic acid by the procedure of Robertson (6). dl-3-Phosphobutanoic 
acid was synthesized by Dr. K. M. Mann (7). Adenosinetriphosphate 
was a commercial preparation (Armour). Sodium acetoacetate was ob- 
tained by hydrolysis of the methyl ester (8). 


Results 


Metabolism of Various Substrates by Rat Liver Homogenates 


The synthesis of acetoacetate from a variety of substrates and the simul- 
taneous incorporation of CO, into the carboxyl group of the acetoacetate 
were studied in the experiments summarized in Tables I and II. The 
results obtained are found to fall into four general categories. 


1. Crotonate, butyrate, caproate, caprylate, and pyruvate led to a defi- | 


nite net formation of acetoacetate and an accompanying increased incor- 
poration of CO, into the carboxyl carbon of acetoacetate (Table I). The 
specific radioactivity of the carboxyl group in the presence of these sub- 
strates corresponds, approximately, to that found in the endogenous con- 


trols. This is not surprising in view of the demonstration by Jowett and | 


Quastel (9) that a large portion of the endogenous acetoacetate production 
by rat liver slices is derived from endogenous fat. That C™QO, is incorpo- 
rated into acetoacetate formed from the above substrates is emphasized 
by an inspection of the net acetoacetate production and the “corrected” 
specific activity of carbon 1 of acetoacetate. The order of magnitude of 
the latter figures again corresponds to that of the controls. It is recog- 
nized that the method used to obtain the “corrected” specific radioactiv- 
ity is not entirely justified, since it is well known that certain fatty acids 
partially repress endogenous acetoacetate production. However, if this is 
true here, even a greater portion of the acetoacetate must have been de- 
rived from the added substrates than appears from the calculation. This 
would serve to increase the probability that C™“O, is incorporated into 
acetoacetate formed from added substances. When the specific activity 
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of acetoacetate produced from pyruvate is compared to that from the 
above fatty acids, it is found to be consistently lower. This can probably 
be explained by the decarboxylation of pyruvate prior to the formation of 
acetoacetate, with the resulting liberation of carbon dioxide, which leads 
to dilution of the carbonate pool. No significant incorporation of C“O, 
carbon into the acetone portion of acetoacetate could be detected with any 
of the substrates that were added to the rat liver preparations. 

2. No appreciable net production of acetoacetate and no stimulation of 
C* incorporation could be found with added 3-phosphobutanoate, leucine, 
valine, isobutyrate, and isopropanol in the homogenate system employed. 

3. A readily measurable net formation of acetoacetate was observed with 
dl-8-hydroxybutyrate and valerate. However, very little or no radioactiv- 
ity could be detected in the acetoacetate produced from these substances. 
The condensation of carbon dioxide and acetone, if this should be the 
mechanism of the reaction, requires energy (AF = +16,300 calories, ac- 
cording to data of Borsook (1)). Therefore, B-hydroxybutyrate was oxi- 
dized simultaneously with another compound to provide an adequate sup- 
ply of high energy phosphate compounds in the hope that this might 
promote the fixation of carbon dioxide. However, when such a substance 
(aconitate) was added, there was no increased incorporation of C™ into 
the acetoacetate produced. In the control, containing. aconitate but no 
8-hydroxybutyrate, the slightly increased acetoacetate production and C" 
incorporation may be ascribed to maintenance of the homogenate in the 
presence of substrate (10). Furthermore, although more acetoacetate is 
formed from caproate in the presence of aconitate, there is no increase in 
the radioactivity of the acetoacetate. The lack of incorporation of C“O, 
into acetoacetate formed from valerate is not a general characteristic of 
odd numbered carbon fatty acids, since C“ was fixed into acetoacetate 
when heptylate and nonylate were used as substrates (Table II). It is 
likely that propionate, which is known to depress acetoacetate production 
from fatty acids (9), may be formed as one of the end-products of these 
acids (11). In these experiments propionate depressed CO, fixation, both 
in the absence of substrate and in the presence of caproate. Further- 
more, valerate, which yields acetoacetate, also depressed fixation of C™“O, 
into the carboxyl group of the acetoacetate formed from caproate (Table 
II). 

4. Isovalerate led to a very marked increase of the specific radioactivity 
of the carboxyl group of acetoacetate, though no significant net formation 
of the ketone body could be detected (Table I). This phenomenon sug- 
gests that isovalerate might yield a molecular: fragment to which a very 
large amount of CO, can be added to yield acetoacetate of very high 
specific activity. The presence of this species of acetoacetate might be 
detected by measurement of radioactivity, although it cannot be deter- 
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mined with accuracy by chemical methods. The finding by Coon and 
Gurin (12) that the y-carbon of leucine appeared in the carbonyl group of 
acetoacetate and the observation of Zabin and Bloch (13) that the termi- 
nal methyl groups of isovaleric acid were found in carbons 2 and 4 of aceto- 
acetate when the compounds were oxidized by rat liver slices point to the 
formation of an acetone-like fraction from the isopropyl groups of these 
substances. It has been suggested previously (1) that further conversion 
of this acetone-like moiety to acetoacetate could take place by the con- 
densation of such a 3-carbon fragment with a 1-carbon compound. 











Tasie II 
Incorporation of CO, into Acetoacetate Derived from Odd Numbered Carbon 
Fatty Acids 
. rer “Corrected” radio- 
Additions Actcd | carbon 1 of aceto “Tao 
synthesized acetate synthesized synthesized 
uM per ml. C.p.s. per uM C.p.s. per uM 
1 UO aR Pera des a aeagc Aer ecarn ierets 0.267 1.50 
(Of) 2122 Be ar ae ears 1.5 1.47 1.47 
aS + propionate......... 0.855 1.26 1.16 
PRO MION BGG 6. ss cce coms bee cto 0.162 1.12 <0 
VES rr 0.577 0.69 0 
ICU MIANO farsi Gcw ars nurses nee 0.585 1.22 0.99 
eT rer roe | 1.19 1.05 0.92 
Caproate + valerate........... 0.855 1.29 1.21 











Conditions as described in Table I. 0.7 X 10% c.p.s. of NaHCO; added per flask. 
All substrates were added at a level of 0.0012 m. The concentration of caproate 
when used in combination with another substance was 0.0006 m. 


Stoichiometric Incorporation of CO. into Carbon 1 of Acetoacetate 


In the meantime Coon (14) has reported the incorporation of CO, into 
carbon 1 of acetoacetate by rat liver slices in the presence of isovalerate. 
The suggestion was made that the isopropyl group of leucine or isovalerate 
is converted to acetoacetate via a C3; + C; condensation. This interpre- 
tation is complicated by the present observation that C™“O, finds its way 
to the carboxyl group of acetoacetate derived from a variety of substrates. 
If the isopropyl moiety of isovalerate is converted to acetoacetate by the 
addition of COs, this fixation of CO. should be stoichiometric in nature. 
The over-all reaction thus should proceed as follows: 


CH; O O 
VA VA 
2 CHCH:.COOH + 2C*0, — 1CH;C—CH.COOH + 2CH,C—-CH,C*OOH 
# 
CH, 
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The molar specific activity of carbon 1 of acetoacetate thus produced from 
isovalerate must correspond to at least two-thirds of the molar specific 
activity of C'*-carbonate in the reaction mixture. This relationship was 
tested in a system containing rat liver slices in which, in contrast to the 
homogenates previously used, a net formation of acetoacetate from isoval- 
erate can be demonstrated (13, 15). As shown in Table III, the specific 
activity of the carboxyl group of acetoacetate produced from isovalerate 
was very nearly two-thirds that of the bicarbonate present.! This sup- 
ports the belief that the isopropyl group of isovalerate is converted to 
acetoacetate by a C3; + C, condensation (14). In all experiments of this 
nature the ratio of the specific activities of acetoacetate to carbonate fell 


Taste III 
Incorporation of C4 from NaHCO; into Carboxyl Group of Acetoacetate by 
Rat Liver Slices 
Medium identical with that described in the text for the homogenate studies. 


30 um of NaHCO; (1000 c.p.s. m and 5 gm. of slices per flask. Incubated for 60 min- 
utes at 37° in air. 





























i 
| 





a a Radioactivity 
acetoacetate a 
Addition Acetoacetate COOH 
Bicarbonate of 
soviet” “Corrected’’* medium 
uM per ml.\um per ml.| c.p.s. per mM c.p.s. per mM c.p.s. per mM 
OHRID... 2 Sos diets 28,200 + 110 | 
None (control)........ 0.494 940 + 57 21,100 + 55 
20 uM isovalerate...... 0.962 | 0.468 | 8600 + 53 | 17,400+ 170 | 19,600 + 50 





* See foot-note to Table I. 


into this range. The study of the exact stoichiometry of this reaction is 
complicated because, even though large amounts of C'*-bicarbonate of low 
specific activity were added, there is still a dilution of this pool by carbon 
dioxide formed by the metabolism of other substances present in the slices; 
also, by analogy with other fatty acids, an incorporation of CO, into the 
acetoacetate formed from carbons 1 and 2 of isovalerate might occur. 
Furthermore, a partial repression of endogenous acetoacetate production 
by isovalerate may give “corrected” acetoacetate values which are too 
high. 

The incorporation of CO, into the carboxyl group of acetoacetate has 
been confirmed by the isolation and degradation of 6-hydroxybutyrate, the 
reduction product of the keto acid (1). Yet another criterion of the iden- 

1 The corrected value corresponds to 62 and 89 per cent respectively of the specific 


activity of the bicarbonate of the medium present at the beginning and end of the 
experiment. 
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tity of acetoacetate might be established by a comparison of the rate of 
decarboxylation of the compound produced from isovalerate and that of 
the authentic substance. Acetoacetate was, therefore, generated enzyma- 
tically from isovalerate in the presence of C“O,. At the end of the incu- 
bation period carrier acetoacetate was added and the mixture was treated 
with aniline citrate at a sufficiently low temperature to retard the rate of 
decarboxylation. The specific activities of the five barium carbonate frac- 
tions collected during the 75 minute decarboxylation period are practically 


TaBie IV 


Rate of Decarboxylation of Enzymatically Formed Acetoacetate in Presence of Authentic 
Acetoacetate, Catalyzed by Aniline Citrate 








Tin, 15 nitrate [Mtn is om eae | Soe net of ast 
mM c.p.s. per mM 
Ist 0.027 1800 + 17 
2nd 0.042 1800 + 13 
3rd 0.036 1820 + 14 
4th 0.038 1795 + 14 
5th 0.025 1970 + 17 











Acetoacetate was formed enzymatically by a rat liver homogenate in the presence 
of 1.3 X 10‘ c.p.s. of NaHC14O; and 0.0012 m isovalerate. The medium for the enzy- 
matic incubation was identical with that described in the text. At the end of the 
30 minute incubation period the reaction was stopped with perchloric acid and 200 
mm of acetoacetate were added. The usual aluminum sulfate treatment followed 
(1). Acetoacetate was then decarboxylated in the presence of aniline citrate at 
19-20°. Carbon dioxide was continuously swept out of the reaction mixture with 
a rapid stream of nitrogen, and absorbed into vessels containing barium hydroxide 
solution which were changed at 15 minute intervals. 


identical (Table IV), indicating that, according to this chemical procedure, 
the compound containing C™ cannot be distinguished from acetoacetate. 


Incorporation of CO, via Acetoacetate into Glutamate 


If the carboxyl group of acetoacetate can be labeled with C™“O., this 
carbon should be incorporated asymmetrically in citrate and glutamate in 
a position identical with that obtained upon the addition of carboxyl- 
tagged acetate (16, 17) to an enzyme system in which the Krebs cycle is 
operating. It should be emphasized that, when CO, is assimilated by 
the known CO; fixation reactions of the Krebs cycle in animal tissues, the 
isotope cannot appear in the succinic acid moiety of a-ketoglutarate (or 
glutamate), regardless of the number of excursions of the cycle (16). Path- 
ways of incorporation and the possible distribution of isotope are indicated 
in the accompanying abbreviated scheme. 
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The general procedure used in these experiments was to preincubate a 
substrate and CO, with rat liver homogenate under conditions known to 
lead to the formation of carboxyl-labeled acetoacetate. At the end of the 
preincubation period fumarate was added to start the Krebs cycle, and 
ammonium chloride to convert a-ketoglutarate to glutamate (2). The de- 
tailed procedure for each of the experiments is given in Table V. 





O O 
Vi Vi 
CH;CCH; + C*O.: —— CH;CCH.C*OOH 
(B) 
“Acetone” Acetoacetic acid 
O 
, Va 
2[CH;C*OX] CO. + CH;C—COOH 
Pe / (A) 
aa in 
x 
HO HO—C—COOH of 
HOOCCH=CHCOOH 50." . 
: CH—COOH \. 
Fumaric acid Oxalacetic acid > 
\ 
H.C—C*0O0OH H.C—C*00H ~~ a 
Chloramine-T | —CO, 
H.C hydrolysis H.C TNE, HO—C—COOH 
COOH HCNH.—COOH H.C—COOH 
Succinic acid Glutamic acid Citric acid 
+ CO:z 


A, the label - indicates carbon which has been fixed by pyruvate-CO, condensa- 
tion; B, the * indicates carbon fixed by the new reaction (1, 14). 


When liver homogenate alone was used as the enzyme source, about 3 
per cent of the radioactivity was located in the succinic acid portion of 
glutamate (Experiment 1, Table V). Rat liver preparations do not oxi- 
dize acetoacetate well (18, 19), while kidney preparations oxidize it vigor- 
ously in the presence of Krebs cycle intermediates (20-23). Kidney ho- 
mogenate was, therefore, added to the supernatant solution obtained from 
the preincubation mixture. When this procedure is used, more than 10 
per cent of the radioactivity of the glutamate is located in the succinic 
acid portion (Experiment 2). When the radioactive bicarbonate of the 
medium is removed prior to the addition of fumarate and kidney homogen- 
ate, about 90 per cent of the radioactivity resides in carbons 2 to 5 of glu- 
tamate (Experiment 3b), while practically no radioactivity can be found 
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in this moiety of the molecule in glutamate isolated in the same experiment 
after the preincubation period (Experiment 3a). 


TABLE V 


é Incorporation of C from NaHCO; into Glutamate via Acetoacetate by Rat Tissue 
Homogenates 





— Trenton products of 
ment Tissue NaHCO: | Glutamic HC! er oe 
NO. 





a-COOH Succinic acid 





C.P.s. C.p.s. per mM C.p.s. per mM C.p.s. per mM 
1 Liver 2.6 X 104} 250 +1 250 + 2 10 +0.3 
2 “followed by | 2.6 X 104 | 228 +2 207 2 29.7 + 0.6 
kidney 

3a Liver 2.8 X 103 6.4 + 
H 3b “ followed by | 2.8 X 10*| 23.4 + 
kidney 


0.2} 0.1 + 0.1 
0.2 | 22.1 + 0.3 























Experiment 1—Incubated in the presence of 0.015 m malonate, 0.005 m pyruvate, 
NaHC"Q;, 11 per cent washed rat liver residue, 7 X 10-5 m adenosinetriphosphate, 
and buffer salts for 15 minutes at 37° in air. The following substances were then 
added to the concentrations indicated: 7 X 10-5 m adenosinetriphosphate, 0.012 m 
NH,Cl, and 0.002 m fumarate. Incubated for 60 minutes at 37° in air. After de- 
proteinization with trichloroacetic acid, 200 mg. of glutamic acid were added as 
carrier. 

)H Experiment 2—Preincubated for 60 minutes under the conditions described for 
| Experiment 1. The suspension was then centrifuged and to the clear supernatant 
H the following materials were added to the concentrations indicated: 0.012 m NH,Cl, 
0.002 m fumarate, 7 X 10-5 Mm adenosinetriphosphate, and 8 per cent rat kidney homo- 

H genate. Incubated for 60 minutes. Subsequent treatment as in Experiment 1. 

Experiment 3—Experimental conditions identical with those for Experiment 2 
except that 0.0012 m isovalerate was used as the substrate instead of pyruvate and 
after the preincubation period 0.3 mM HCl was added to pH 4 and carbon dioxide was 

sa- | removed by aeration. Trichloroacetic acid was added to one flask and glutamic 
acid was isolated in the presence of 200 mg. of carrier (Experiment 3a). The su- 

3 pernatant solution from the other flask was adjusted to pH 7.4 with 0.3 m KOH. 
i Kidney homogenate was added and the mixture was incubated for 60 minutes at 


of 37° in air. Glutamic acid was isolated as in Experiment 3a (Experiment 3b). 
X1- 
or- DISCUSSION 
ho- The incorporation of C™ from bicarbonate into the carboxyl group of 
om acetoacetate by rat liver preparations varied greatly, depending on the 
10 source of acetoacetate. Acetoacetate added as such (1), or generated dur- 
nic ing oxidation of B-hydroxybutyrate or valerate, did not contain a signifi- 
the cant amount of isotope. Acetoacetate formed during oxidation of a vari- 
en- ety of normal fatty acids contained appreciable radioactivity. 
slu- | It has been reported previously by Coon (14) that the isopropyl group 
ind of isovalerate is converted to acetoacetate by CO; fixation. However, the 
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experimental procedure used then was not designed to test the possibility 
that the fixation is stoichiometric. In the absence of such data it is im- 
possible to differentiate this incorporation from that obtained with other 
substrates. Such a stoichiometric relationship has been demonstrated here. 


The lack of incorporation of CO, into acetoacetate generated from {- 


hydroxybutyrate (in contrast to butyrate and crotonate) is reminiscent of 
the failure of this compound to act as an intermediate in the oxidation of 
butyrate to acetoacetate (9). It has been suggested that butyrate and 
crotonate are metabolized first to an intermediary compound, which is 
converted to acetoacetate (9, 24), and that 6-hydroxybutyric acid is a 
cul-de-sac in acetoacetate metabolism. 3-Phosphobutanoate has been sug- 
gested as a possible intermediate in the oxidation of butyrate (24). Under 
our conditions this compound leads neither to a demonstrable net forma- 


tion of acetoacetate nor to an increased incorporation of C™. 

The demonstration that CO. is incorporated into acetoacetate arising 
from a variety of substrates should be taken into consideration in studies 
on the distribution of the label in the carboxyl and carbonyl groups of 
acetoacetate (25-27) derived from fatty acids tagged in the odd numbered 
carbon atoms. 


SUMMARY 


An incorporation of CO, into the carboxyl group of acetoacetate formed 
from crotonate, butyrate, caproate, caprylate, heptylate, nonylate, and | 
pyruvate by rat liver homogenates has been demonstrated. In contrast 
there is little or no fixation of CO, into acetoacetate produced from dl-f- 
hydroxybutyrate and valerate. The rate of decarboxylation (catalyzed by 
aniline citrate) of acetoacetate into which C“O, has been inserted enzyma- 
tically is identical with that of the authentic material. 

The order of magnitude of the incorporation of C“O, into acetoacetate | 
derived from isovalerate by rat liver slices is consistent with the view that 
the isopropyl group of this acid is converted to acetoacetate by a stoichio- 
metric fixation of carbon dioxide. 

C* originating in bicarbonate can become incorporated into the carbon 
2 to 5 moiety of glutamate by incorporation into acetoacetate and presum- 
ably by subsequent breakdown through the Krebs cycle. 
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IV. THE ROLE OF CARBAMYL-t-GLUTAMIC ACID IN THE SYNTHESIS 
OF CITRULLINE BY NORMAL AND BIOTIN-DEFICIENT RATS* 


By GLADYS FELDOTT anp HENRY A. LARDY 


(From the Department of Biochemistry, College of Agriculture, and the Institute for 
Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, March 30, 1951) 


A characteristic consequence of a biotin deficiency in animals is a de- 
creased ability to fix CO, into various tissue components including the 
amino acid arginine (1). Carbon dioxide is incorporated into arginine as 
a result of the conversion of ornithine to citrulline in the Krebs-Henseleit 
urea cycle (2). The methods developed by Cohen and Hayano (3, 4) for 
the synthesis of citrulline from ornithine, glutamate, CO2, and ammonia 
by washed residue of rat liver homogenate have been applied to prepara- 
tions from biotin-deficient rats (5). A greatly decreased rate of citrulline 
synthesis was observed in these preparations as compared to those obtained 
from rats fed an adequate diet. 

The specificity of this effect of biotin deficiency is attested to by the 
finding that essentially normal rates of citrulline synthesis were obtained 
in liver preparations from rats deficient in riboflavin or vitamin Be. and 
that injection of biotin into rats fed the egg white diet results in normal 
rates of citrulline synthesis 24 hours later (5). 

Since Cohen and Grisolia (6, 7) have shown that carbamyl-.-glutamate 
rather than glutamate is the actual catalytic intermediate in citrulline 
synthesis from ornithine, it seemed of importance to learn whether the 
effect of biotin nutriture on citrulline synthesis is manifested at a step 
prior to or subsequent to the reactions in which carbamyl glutamate par- 
ticipates. 


EXPERIMENTAL 


The animals used in the experiments were male albino rats of the 
Sprague-Dawley strain. After weaning at 3 weeks of age they were fed a 
purified ration containing 18 per cent raw egg white! for a period of 7 to 
12 weeks. Control animals were pair-fed a similar ration containing casein 
in place of egg white. 

* Supported in part by a grant from the United States Public Health Service. 

1 The complete ration (biotin-deficient Ration A) was described in Paper III (5). 


The vitamin levels given in that paper are for 10 gm. rather than for 100 gm. as 
stated. 
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The twice washed residue of rat liver homogenate was prepared as de- 
scribed by Cohen and Hayano (4) and 0.5 ml. of residue suspension, con- 
taining 3 to 4 mg. of N was incubated in Warburg flasks at 37° in air. 
Unless otherwise indicated, the final substrate concentrations in the flasks 
were L-ornithine 0.0025 mM, fumarate 0.015 mM, NH4Cl 0.005 m, MgSO, 0.004 
M, adenosinetriphosphate 0.002 m, phosphate buffer, pH 7.15, 0.012 , 
NaHCO; 0.005 Mm, and isotonic KCl to bring the final volume to 4 ml. 
When t-glutamate or carbamyl-L-glutamate was tested, the final concen- 


tration was 0.0025 m unless specified as 0.01 m. This mixture differs from | 


that used in the earlier study (5) in that a lower concentration of gluta- 
mate is employed and fumarate is added because of its accelerating in- 
fluence on the synthesis of citrulline in the presence of carbamyl gluta- 
mate (6). 

After a 20 minute incubation period, perchloric acid was added to stop 


the reaction and precipitate the protein. The contents of the flasks were | 


centrifuged to remove the insoluble protein and the citrulline in the filtrate 
was determined colorimetrically by the method of Archibald (8) as em- 


ployed by Cohen and Hayano (3). The results are expressed as micro- | 


moles of citrulline formed per mg. of washed residue nitrogen. 
Results 


The comparative effect of glutamate and carbamyl glutamate on the 
synthesis of citrulline by washed residue of liver homogenates from biotin- 
deficient and control rats during a 20 minute incubation period is sum- 
marized in Fig. 1. With glutamate the average amount of citrulline 
synthesized by fifteen liver preparations from as many biotin-deficient 
rats was 0.24 + 0.13 um per mg. of N.? The corresponding amount for 
ten pair-fed control animals was 1.38 + 0.23 um of citrulline per mg. of N. 
However, in the presence of carbamy] glutamate the synthesis of citrulline 
by biotin-deficient liver preparations was the same as that obtained in the 
control group (1.34 + 0.31 and 1.35 + 0.21 uM per mg. of N respectively). 
Results from stock animals did not differ significantly from those of the 
pair-fed controls. 

Cohen and Grisolia (6) have shown that the initial rate of synthesis of 
citrulline is increased if the enzyme preparation is preincubated with gluta- 
mate or carbamyl-L-glutamate, ammonia, and carbon dioxide for 20 min- 
utes prior to the addition of ornithine. Fig. 2 presents results of similar 
experiments in which, after 20 minutes preincubation of the reaction mix- 
ture, ornithine was tipped in from the side arm and the synthesis of citrul- 
line was allowed to proceed for 10 minutes. Cohen and Grisolia have 


reported (6) that under these conditions carbamyl glutamate is more ef- | 


2 Standard deviation, ¢ = ++/Znd?/(N — 1). 
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de- fective than glutamate in supporting citrulline synthesis. In the presence 
son- of glutamate, liver preparations from thirteen biotin-deficient rats syn- 
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Control 


Additions 


Deficient 





0.5 1.0 1.5 
uM Citrulline/mg. N 


Fig. 1. Synthesis of citrulline from ornithine by washed residue of liver homoge- 
nate from biotin-deficient and pair-fed control rats. G = 0.0025 m glutamate added 
to the reaction mixture (see the text); CG = 0.0025 m carbamyl-t-glutamate added 
in place of glutamate. Incubation time, 20 minutes at 37°. 
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nix- Fig. 2. Synthesis of citrulline from ornithine following a preincubation period. 
rul- For conditions see the text. 











ave 

ef. | thesized 0.14 + 0.09 um of citrulline per mg. of N and the preparations 
from ten control rats synthesized 0.75 + 0.20 um under the same con- 
ditions. With carbamyl-t-glutamate the same amounts of citrulline were 
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synthesized by both tissues (1.29 + 0.24 and 1.32 + 0.37 um respectively), 
It should be noted here that the over-all synthesis of citrulline by the con- 
trol tissue was more than twice as great with carbamyl-L-glutamate as 
with glutamate. This is in agreement with the experimental data of 


Cohen and Grisolia (6) who found that carbamyl-t-glutamate was 2 to 3 | 


times more active than L-glutamate under these conditions. 


These results suggest that tissue from the biotin-deficient rat converts | 


glutamate to a more active form of this compound at a slower rate than 


TABLE I 


Comparative Effect of Fumarate on Citrulline Synthesis by Liver Preparations from 
Biotin-Deficient and Pair-Fed Control Rats 
The results are expressed as micromoles of citrulline synthesized during a 20 
minute incubation period. 0.015 m fumarate present except where otherwise indi- 
cated. The data on any given line were collected in a single experimental run and 
are for pairs of rats having the same food intake. 
































Biotin-deficient Control 
0.01 M a |o.01 a f 
carba- | carba- 
0.0025 m glutamate 0.01 m glutamate myl | 0.0025 m glutamate | 0.01 m glutamate | myl 
gluta- | gluta- 
mate | mate 
Pras, | a 
No fumarate | No No No | 
| fumarate fumarate fumarate | | 
0.28 0.07 0.67 0.40) 1.92 
0.72 0.35) 1.68 0.62) 2.90 1.07 0.96 1.58 | 1.28) 2.86 
0.51 0.31) 0.91 | L270 1.48 1.58) 1.82 | | 2.30 
0.17 | 0.06| 0.45 0.10) 2.14 1.48 Ney al 1.86 | 1.89) 2.14 
Os) 10215 0.62 0.32 1.81 1.33 1.42 2.02 | 2.00) 2.09 
0.72 0.50) 0.94 0.78) 1.82 2.07 1.95 2.10 | 1.97 
0.56 0.31) 1.19 —_ 2..28| 1.21 1.50 | | 2.46 
i re ee om ol eee! at | | ay | wae ee intl Dive ee 














| | | 7 | wale 
Averages 0.47 0.25) 0.92 | 0.50) 2.08) 1.44 1.52 1.81 | 1.72| 2.30 





normal. For comparison, the rates of citrulline synthesis with other de- 
rivatives of glutamate were measured. Glutamine was as good as, but no 
more effective than, glutamate with either biotin-deficient or normal prepa- 
rations. The hydantoin of glutamic acid (5-propionic hydantoin) was in- 
ert in both preparations (cf. '(6)).. When freshly prepared ammonium car- 
bamate was used as the source of ammonia, synthesis of citrulline was 
equivalent to, but not better than, when NH,Cl was present. 

A search for other variations in experimental conditions which might 
differentially influence citrulline synthesis by normal and _ biotin-deficient 


. . . . t 
tissues was made with a separate group of animals. Although fumarate 


or some other oxidizable substrate is required for optimum citrulline syn- 
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thesis in the presence of carbamyl] glutamate, it was observed that fuma- 
rate exerted a definite inhibition on citrulline formation by the biotin-de- 
ficient tissue preparations with glutamate (Table I). Oxalacetate and 
aspartate also inhibited citrulline synthesis by biotin-deficient preparations 
in the presence of glutamate. These substrates had no effect on the for- 
mation of citrulline from ornithine by control liver preparations. a-Keto- 
glutarate enhanced citrulline formation in the control group but had no 
effect on the biotin-deficient tissue. Increasing the concentration of glu- 
tamate increased citrulline synthesis by both biotin-deficient and normal 
tissue. With higher glutamate levels the percentage difference between 
the two types of tissue decreased, but the absolute difference remained 
essentially unaltered. In these experiments of 20 minutes duration, maxi- 
mum citrulline synthesis was obtained with about 0.02 m glutamate, con- 
siderably less than is required in experiments of 1 hour’s duration (3). 


DISCUSSION 


The data presented in this and Paper III of this series (5) clearly indi- 
cate a decreased rate of citrulline formation from ornithine in the presence 
of glutamate by biotin-deficient rat liver preparations. Since the rate of 
synthesis in the presence of carbamyl glutamate is the same in the biotin- 
deficient animals as that in normal animals, it would appear that the lack 
of biotin results in a decreased rate of conversion of glutamate to carbamyl 
glutamate. 

We have attempted the synthesis of carbamyl glutamate from gluta- 
mate by liver preparations in order to examine the site of action of biotin 
in this reaction. However, no measurable quantity of carbamyl gluta- 
mate accumulated in either the control or biotin-deficient animal tissues. 

No explanation can be offered, at the present time, for the fact that such 
compounds as fumarate, oxalacetate, and aspartate inhibit the synthesis 
of citrulline from ornithine and glutamate in the biotin-deficient rat liver 
preparations but not in those from normal animals. 


We are indebted to Dr. P. P. Cohen and Dr. 8. Grisolia for the carbamyl- 
L-glutamate used in the early part of this study. 


SUMMARY 


The synthesis of citrulline from ornithine, with L-glutamate as a specific 
adjuvant, was greatly depressed in washed residue of liver homogenate 
from biotin-deficient rats as compared to similar preparations from pair- 
fed control animals. Replacing the glutamate by carbamyl-t-glutamate 
resulted in equal rates of citrulline synthesis by the biotin-deficient and 
control preparations, 
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The decreased citrulline formation by the biotin-deficient preparation 
in the presence of glutamate was further inhibited by fumarate, oxalaces 
tate, and aspartate. Under the same conditions, these substrates weré 
without effect on citrulline synthesis by liver preparations from the pair-fed 
control rats. 

The results indicate that the influence of biotin on CO, fixation inte 


citrulline is at a step prior to that at which carbamyl] glutamate functions 
in the conversion of ornithine to citrulline. 
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CONVERSION OF C¥-PALMITIC ACID TO GLUCOSE 
I. NORMAL AND DIABETIC RATS* 


By E. H. STRISOWER, I. L. CHAIKOFF, anp E. O. WEINMAN 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, February 26, 1951) 


While the conversion of carbohydrate to fat is recognized as a major 
metabolic pathway, the reverse reaction has been the subject of contro- 
versy for well over 40 years. Interest in this problem has continued be- 
cause an increased conversion of fatty acids to glucose has been offered 
as an explanation for the altered metabolism associated with diabetes. 

Recent isotopic studies have shown that the carbons of short chain 
fatty acids can be incorporated into glucose (1, 2), but no work has yet 
appeared on the significance of such a reaction from naturally occurring, 
long chain fatty acids. It is demonstrated in the present investigation 
that the labeled carbons of palmitic acid-1-C™“ and palmitic acid-6-C™ are 
incorporated into glucose in both normal and diabetic rats. From the 
results obtained, we have estimated the amount of fatty acids converted 
to glucose and have evaluated the significance of the amount of carbohy- 
drate so formed in the total glucose turnover in normal and diabetic rats. 


EXPERIMENTAL 
Outline of Experiments 


Normal and diabetic female rats of the Long-Evans strain were injected 
intravenously with an emulsion containing C-labeled tripalmitin and im- 
mediately thereafter placed in all-glass cages for collection of expired COs. 
Two types of experiments, described as 24 hour and 1 hour experiments, 
were carried out. All rats were fed ad libitum up to the time of the ex- 
periment. 

24 Hour Experiment—Respiratory CO2 and urine were collected for 24 
hours after injection of tripalmitin containing C“ in either the carboxyl 
group or the 6 position of the fatty acid. Phenylglucosazones were pre- 
pared from urinary glucose, which on combustion yielded average specific 
activity values of the glucose C. From these values the amount of fatty 
acid-C" incorporated into glucose was calculated. The amount and spe- 
cific activity of expired CO: were also determined. 


* Aided by a grant from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council. 
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1 Hour Experiment—In these experiments, tripalmitin containing pal- | 
mitic acid-6-C™ was injected, and expired CO, was collected for 1 hour. 
At the end of that time, the rats were exsanguinated, and phenylglucosa- 
zones were prepared from their plasma glucose. The specific activity of 
plasma glucose was obtained from these glucosazones and used to calcu- 
late the total C“ present in extracellular glucose 1 hour after injection of 
the labeled tripalmitin. 

Incorporation of intravenously injected, C-labeled bicarbonate and | 
methyl-labeled acetate into glucose was also studied. This was done to 
provide information on the extent of CO, fixation and the contribution of 
2-carbon fragments to the conversion of palmitic acid to glucose. 


Procedures 


Alloxan-Diabetic Rats—Each rat received a single intravenous injection 
(into the major saphenous vein) of 50 mg. of alloxan monohydrate! per 
kilo of body weight as a 5 per cent solution. Animals that showed marked 
polyuria were placed in individual metabolism cages, and daily measure- 
ments were made of their food and water intake, volume of urine, and 


amount of glucose excreted. The concentration of glucose in whole blood | 
was also determined in these rats while they were in the fed and fasted | 


states. Only rats that exhibited pronounced signs of diabetes were se- 
lected for the experiment. The data on the history of the diabetic rats 
used in the 1 hour experiment are summarized in Table I. The diabetic 
and normal rats were fed a diet consisting of 68.5 parts of wheat, 5 of tech- 
nical casein, 5 of fish oil, 10 of alfalfa leaf meal, 10 of fish meal, and 1.5 of 
NaCl. On alternate days they also received an adequate vitamin mixture. 

Administration of Labeled Compounds—Three different 1 hour experi- 
ments were carried out, each involving intravenous administration of one 
of the following C™-labeled compounds: tripalmitin, bicarbonate, or ace- 
tate. The rats were lightly anesthetized before injection. 

The tripalmitin emulsions were prepared as described elsewhere (3). 
1 ml. of this solution, containing 20 mg. of tripalmitin and about 3 x 10° 
c.p.m. of C™, was injected. About 0.30 ml. of a bicarbonate solution, 
containing approximately 1 xX 10° ¢.p.m. of C™ and only a negligible 
amount of bicarbonate (less than 0.003 mm), was injected. About 0.33 
ml. of a methyl-labeled, sodium acetate solution, containing 1.25 mg. of 
sodium acetate and approximately 1.8 X 10° ¢.p.m., was injected intra- 
venously. 

Collection and Analysis of CO.—The methods employed for the deter- 
mination of total expired CO, and of its specific activity have been de- 
scribed (4). 


1 Obtained from the Edean Company, East Norwalk, Connecticut. 
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Collection of Urine—In the 24 hour experiment, urine was collected con- 
tinuously by catheterization of the diabetic rats. Polythene tubing was 
inserted into their bladders (4), and displacement of the catheter was pre- 
vented by keeping the rats in restraining cages during the entire experi- 
ment. Urine and CO, were collected for 24 hours. The total volume of 
urine and its glucose concentration were measured, and the specific activ- 
ity of the urinary glucose was determined by preparation of a phenyl- 
glucosazone and subsequent combustion to CO, as described previously (4). 

Collection and Preparation of Blood Samples—At the end of the experi- 




















TABLE I 
History of Diabetic Rats Used in 1 Hour Experiment 
Rat weight : | Ngee | : Non-fasted 
Rat No: D — gos flow in urinary | Festing blood sugars 
| be, | Num | afew PA Omen) es | ate | ce 

= | | = 

| gm. gm. days mil. | meg. |mg. per cent) mg. per cent 
DTP6 | 180 198 42 36-105 | 7.2 | 888 
DTP7 | 155 tT | 42 30-108 4.8 | 962 
DTPS 145 166 | 55 35-60 | 6.7 | 297 936 
DTP9 | 170 178) 30- 70 | 7.1 | 195 710 
DTP10 | 150 168 | 24 70-113 | 9.0 | 194 655 
DBC1 | 190 206 «| #73 32- 94 11.0 260 620 
DBC2 180 _ To 25- 90 7.8 259 767 
DBC3 |= 147 160 30 26- 72 5.8 199 877 
DAL | 150 19% | (87 18-82 | 4.4 217 672 
DA2 146 73 | 6480 | 14 8H |S 1838 | 715 

| 
8.9 


DA3 | 148 183 43 | 16-70 | 9 | 216 | 617 








* During the week preceding the experiment. 


ment, the rats were lightly anesthetized with freshly redistilled ether, and 
4 to 8 ml. of blood were withdrawn from the left ventricle into a heparin- 
ized syringe. Plasma, obtained by centrifugation, was deproteinated with 
Ba(OH)s and ZnSO,, according to Somogyi (5), and used for preparation 
of carrier-free phenylglucosazones. 

Preparation of Carrier-Free Phenylglucosazones from Plasma—The ap- 
proximately neutral solution obtained by the Somogyi deproteination pro- 
cedure was passed successively through a Duolite C-3 cation and A-4 
anion exchange column to remove acidic and basic compounds, including 
residual amino or keto acids, which may interfere in osazone formation. 
The columns were then washed with 5 to 6 volumes of distilled water to 
remove all adhering glucose. The effluent and washings were concentrated 
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to about 4 to 6 ml., under reduced pressure, and transferred to 15 ml. 

centrifuge tubes. 100 mg. of phenylhydrazine and 186 mg. of glacial | 
acetic acid were added, after which the mixture was heated on the steam 
bath for 1 hour. Phenylglucosazone crystals usually appeared within 15 
minutes. The mixtures were then cooled, first at room temperature and 
then at 4°. The glucosazones were washed first with water to remove 
electrolytes, then twice with ether to remove aniline and excess phenyl- 
hydrazine. The glucosazones were next dissolved in 2 to 3 ml. of hot 
alcohol, filtered, and recrystallized from an approximately 30 per cent 
alcohol-water solution. The yellow needles thus obtained were dried in a 
vacuum oven for several hours at about 45°. 

The purity of the phenylglucosazones was established by low power 
microscopic examination which showed homogeneity of the crystals and 
correspondence, in shape and color, with phenylglucosazone prepared from 
pure glucose in distilled water by the above procedure. Carbon, hydrogen, 
and nitrogen analyses on this glucosazone were as follows: found, 59.80, 


6.33, 15.55 per cent; theoretical, 60.32, 6.18, 15.64. Decomposition points | 


taken on some samples agreed closely with values obtained on the refer- 
ence glucosazone. 

The dried phenylglucosazones were oxidized to CO. by the Van Slyke 
combustion technique, and the CO, was mounted as BaCO; and counted 
as described previously (4). 

Carrier-free phenylglucosazones were prepared from the plasma of all 
rats that were injected with tripalmitin-6-C" emulsion, radioactive bicar- 
bonate, and methyl-labeled acetate in the 1 hour experiment. The blood 
of two normal rats was pooled in order to obtain sufficient plasma glucose 
for the preparation of the carrier-free phenylglucosazone. In diabetic rats, 
sufficient plasma was obtained from a single animal. 


Results 
24 Hour Experiments 


The results of these experiments are recorded in Table II. In 24 hours, 
3 to 6 per cent of the administered C™ was recovered in urinary glucose in 
diabetic rats, and 45 to 59 per cent as CO: in normal and diabetic rats. 

When tripalmitin-6-C" was administered, 45 to 49 per cent was expired 
as CQ, as compared with 56 to 59 per cent when carboxyl-labeled tri- 
palmitin was injected. Since Weinman et al. have shown that all carbons 
of palmitic acid are oxidized at about the same rate (3), we believe the 
above difference to be due to variation in particle size of the emulsions. 
Microscopic examination did show that the particles of the C-6 emulsion 
were larger than those of the C-1 emulsion. 
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1 Hour Experiments 


In these experiments, palmitic acid-6-C“%, NaHC™“O;, and C“H;COOH 
were used. The fatty acid was injected as a tripalmitin emulsion. 

C4-Palmitic Acid—Table III shows, for both normal and diabetic rats, 
the percentages of the injected C“ expired as CO, and the specific activity 
of this CO.. At the end of the hour, the rats were sacrificed and a phenyl- 
glucosazone was prepared from the plasma obtained from each rat. The 
specific activities of the plasma glucose C, obtained from the combustion 
of the osazone, are also recorded in Table III. 

The data show that diabetic and normal rats are comparable with re- 


TaBLeE II 
Recovery of C!4 in Urinary Glucose and Expired CO of Diabetic Rats, and in CO, of 
Normal Rats in 24 Hours after Injection of C4-Labeled Tripalmitins 





| Per cent of injected C% 


Palmitic acid Glucose | recovered 











Rat No. | carbon labeled ——* | ——— oer 
‘Urinary glucose| Expired CO2 
| gm. | 
Diabetic DTPI1 C-6 | 1.69 | 6.5 48.0 
- DTP2 ‘ |. O72 | 8.6 45.0 
“ | Dee | Ci. | 2a i ee 
“ | DTPA | a 0.79 3306 || a 
Normal NTP1 C-6 | 49.2 
es NTP2 | 45.0 
ae NTP3 | C-1 | 59.2 


“ wm | + 4 | 56.0 





spect to percentages of the injected C™ expired as COs, and specific activi- 
ties of plasma glucose and CO, carbon atoms. 

The percentages of the injected C™ present at the end of 1 hour as glu- 
cose in the total extracellular fluids were calculated from the experimen- 
tally determined values for the specific activity and the concentration of 
plasma glucose. We have assumed that 20 per cent of the body weight 
consists of extracellular fluids (6) having a glucose concentration compara- 
ble with that of plasma. It is also assumed that this extracellular glu- 
cose is in equilibrium with plasma glucose; hence the instantaneous specific 
activity of plasma glucose is equal to that of glucose in extracellular fluids. 
For example, Rat DTP6 weighed 198 gm. and had a plasma glucose level 
of 888 mg. per cent and a plasma glucose specific activity of 0.76 K 10° 
(as per cent of the injected C“). Thus 198 X 0.2 X 8.88 X 0.76 K 10-, 
or 2.7, is the percentage of the administered C™ present in extracellular 
glucose. The calculated values for normal rats ranged from 0.5 to 0.8 per 
cent, and for diabetic rats from 1.6 to 2.9 per cent (Table III). 


XUM 
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CO, Fixation Experiment (Table IV)—Once definite incorporation of 
fatty acid-C“ into the glucose molecule was established and a minimal 


Taste III 
Recovery of C“ in Plasma Glucose and Expired CO: 1 Hour after Injection 
of Tripalmitin-6-C" 











Expired COz | | Per cent 
aor) Sa ot pliaion, | ieee Sette | Sets 
Rat No. | lof ine | glucose carbon’ | Sa-af Cor) Cit 
| BaCOs ta ‘S.a. of COz carbon* | carbon eaiiaue 
| covered | glucose 
| ¢.p.m. 
| ber mg. | | | 
Diabetic | DTP6 | 34.5 | 3.08 | 3.36 KX 10 | 1.90 X 1072 | 0.57 2.04 
“y DTP7 | 42.0 | 3.78 | 4.08 x 10-2 2.42 K 10° 0.59 2.9 
DTP8 42.8 | 3.37 | 4.17 KX 107? | 1.85 x 1072 0.44 PBS 
i DTP9 | 37.4 | 3.03 | 3.46 * 107? 1.80 xX 10° 0.52 1.8 
re DTP10 | 52.3 | 4.96 | 4.85 x 107? 1.84 X 10°? 0.38 1.6 
Normal NTP17 | 54.2 | 5.47 | 4.78 K 10°? | 2.23 « 107? 0.47 0.87 
ne NTP19 | 38.6 4.10 | 3.41 & 107? 1.53 X 10-2 0.45 0.53 
eS NTP21 | 34.6 | 3.23 | 3.20 X 10°? | 1.56 X 10-2 0.49 | 0.47 








. Specific activity refers to counts per minute per mg. of carbon as per cent of the 
injected CH, 


TaBLe IV 
Recovery of C4 in Plasma Glucose and Expired CO, 1 Hour after Injection of NaHC"'0; 





| Expired CO: 


| Per cent 
| | S.a. of plasma | OF 10- 
| 








IP t) S.a. of pl glucose carbon jected 

Rat No, cca Sance Sto \"aeercae | cus 

| BaCO: | jected |S.a. of COz carbon* carbon ee 

| C¥ re- | | = can 

| | covered | pro 
— | c.p.m. pe = _ 

\Per meg. | | | 

Diabetic | DBC1 | 300 | 93.0 88.8 x 10° 2.02 x 107? 0.0237 2.06 
ee DBC2 | 247 | 88.5 | 73.1 <X 10-2; 1.98 x 107 | 0.0271 2:23 

= DBC3 | 326 | 95.1 | 96.3 K 10-2, 2.08 x 10-2 0.0217 2.32 
Normal NBC5 | 314 | 95.9| 101 xX 10) 2.28 x 102 0.0225 0.65 
- NBC7 | 329 | 101. X 10°?; 3.88 K 10° | 0.0379 1g 

ee NBC9 = 337 | «95.4 101. =X 10-2 | 4.02 x 1072 0.0400 1331 














* Specific activity refers to counts per minute per mg. of carbon as per cent of 
the injected C™” 


value obtained for this incorporation, it became of interest to determine 
the approximate contribution of CO, fixation to this process. In order to 
label the body bicarbonate pool, very small amounts of NaHCO, were 
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of injected. 1 hour later the rats were sacrificed, and phenylglucosazones 
ial | were prepared from their plasma. The C" present in extracellular glucose 
} was calculated to provide a measure of the extent of incorporation of the 
bicarbonate into glucose. All conditions in this experiment were kept 
identical with those of the tripalmitin study. The results summarized in 
= Table IV show that extracellular glucose contained significant amounts of 
ent Cc“. About twice as much was found in diabetic as in normal rats. 
ad The specific activity of the expired CO, carbon, which we assume to be 
he equal to that of bicarbonate carbon of the body pool, was about 10 times 
mm greater in the bicarbonate than in the tripalmitin study. It is necessary 
to take this difference into account, since the total C“ incorporated into 
glucose by CO: fixation in both experiments depends upon the specific 
activity of the body bicarbonate pool. From the data in Tables III and 
) IV, it can be calculated that 3 to 5 per cent of the activity incorporated 
> 4 into the glucose molecule from palmitic acid-C" can be accounted for by 
CO, fixation in the diabetic rat, as compared with 9 to 11 per cent in the 
~ | normal animal. For example, Rat DTP6 (Table III) incorporated 2.7 per 
3 cent of the injected tripalmitin-C" or 80,500 ¢.p.m. into glucose, and the 
7 average hourly specific activity of its expired CO, (as BaCO;) was 34.5 
| ep.m. Rat DBC1 (Table IV) incorporated 2.06 per cent of the injected 
bicarbonate-C™, or 20,600 counts, into glucose, but showed a CO, specific 
activity of 300 c.p.m. Since the amount of C" incorporated into glucose 
via CO, fixation depends primarily on the specific activity of the body 
Os bicarbonate pool, CO; fixation accounts for 34.5/300 x 20,600, or 2370 
et | CPM. in Rat DTP6; this amounts to 2370 X 100/80,500 or about 3 per 
a cent of the observed total recovery of fatty acid-C™ in glucose. 
in | Other data obtained in the bicarbonate experiment are summarized in 
lar Table IV. The figures show that about 90 to 95 per cent of the total C“ 
“a injected as bicarbonate is expired in CO, in 1 hour. The specific activity 
| of the CO; carbon is slightly lower in the diabetic than in the normal ani- 
mal, but the differences may not be significant. The average specific 
2 activity of glucose carbon was 15 to 100 per cent higher in the normal than 
in the diabetic rat. 
5 Acetate Experiment—According to present concepts, 8 oxidation of tri- 
palmitin-6-C™ yields a methyl-labeled, 2-carbon intermediate. We used 
, , C*H;,COOH to measure the relative capacities of normal and diabetic rats 
of to incorporate the 2-carbon intermediate into glucose. Experimental con- 
ditions in this case were kept the same as those of the tripalmitin and bi- 
carbonate experiments. 
Table V shows that about 5 and 2 per cent, respectively, of the injected 
counts were found in extracellular glucose of the diabetic and normal rats; 
corresponding figures for the tripalmitin experiment (Table III) are 1.6 to 
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2.9 and 0.5 to 0.9 per cent. The specific activity of the expired CO, carbon 
was about 250 ¢.p.m. per mg. of BaCO; (Table V) as compared with about 


40 ¢.p.m. per mg. of BaCO; in the tripalmitin experiment (Table III). A _ 
higher incorporation of the C“ into glucose via COQ, fixation in the acetate 


experiment is therefore understandable. By a calculation analogous to 
that used above, it can be shown that the order of 20 per cent of the total 
acetate-C™ incorporated into glucose may be assigned to COs fixation in 
normal and diabetic rats.’ 











TABLE V 
Recovery of C4 in Plasma Glucose and Expired CO2 1 Hour after Injection of 
C“H;COOH 
a i 
| Expired CO2 | Per 
ener ake - | S.a. of plasma | cent of 
Rat N | Per cent} S.a. of plasma | glucose carbon rath ne 
cat | of in- | S.a. of COs ; glucose carbon* | S.a. of COe Seteas 
| BaCOs | gpa | Tcarbone’ | carbon cellular 
| covered | glucose 
| = | = 
| cpm. | | 
| | per mg. | | 
Diabetic | DAL | 234 | 42.2) 37.2X 107 | 4.40X107 | 0.118 | 4.6 
* | DA2 225 | 42.5 | 35.8 X 10°? | 4.85 X 10°? 0.135 4.80 
: | DA | 233 | 38.3 | 37.0 x 10% | 5.55 xX 10% | 0.150 | 5.00 
Normal | NA1 | 258 | 40.3 | 41.0 X 10 | 7.15 XK 10°? | 0.174 2.24 
“ | NA2 | 224 | 51.7 | 37.7 x 10-2 | 
. | NAB | 225 | 46.5 | 39.6 x 10% | 6.87 X 10% | 0.173 | 2.16 





* Specific activity refers to counts per minute per mg. of carbon as per cent of the 
injected C™, 


DISCUSSION 


Two measures of the conversion of palmitic acid to glucose are presented 
here. One is based on the recovery of the injected fatty acid-C™ in glu- 
cose excreted by diabetic rats in 24 hours; the other on the amount of the 
C™ in extracellular glucose 1 hour after the injection. 

3 to 6 per cent of the injected C™ was recovered in the glucose excreted 
in 24 hours by diabetic rats. Since it was shown in an earlier study (4) 
that, at most, half of the total amount of glucose turned over by alloxan- 
diabetic rats is excreted in urine, it is reasonable to infer that a minimum 
of 6 to 12 per cent of the administered fatty acid-C™ was incorporated into 


2 For example, Rat DA2 incorporated 4.8 per cent of the injected acetate-C'', or 
90,000 c.p.m., into glucose; the average COz specific activity was 225 c.p.m. per mg. 
of BaCO; as compared with 2.06 per cent (20,600 c.p.m.) and 300 e.p.m. per mg. of 
BaCO; for Rat DBCl. Thus, 20,600 X 225/300, or 15,500 c.p.m., are attributed to 
CO; fixation in Rat DA2. This represents 17.5 per cent of the total acetate-C" 
present in extracellular glucose. 
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glucose by diabetic rats in 1 day. The small amounts of C“ found in 
glycogen are neglected here. 

1 hour after the administration of palmitic acid-6-C™, from 0.5 to 0.8 
per cent of the injected C“ was calculated to be present in extracellular 
glucose in normal rats and from 1.6 to 2.9 per cent in diabetic rats. These 
amounts must be considered minimal for at least three reasons, First, 
the amount of activity contained in liver and muscle glycogen was not 
considered in the calculation. Second, according to our recent studies (4), 
the size of the glucose body pool in normal and diabetic rats was found to 
be 127 and 262 mg., respectively, per 100 gm. of body weight, values that 
are 14 to 4 times higher than those used in the present calculation. The 
lower figure was used to obtain the most conservative estimate of the ex- 
tent of glucose synthesis from fat. Third, and perhaps most important, 
the figures in Table III represent the fraction of the total injected C™ 
present in glucose in extracellular fluids at the instant the rat was exsan- 
guinated (about 1 hour after the start of the experiment). For the dura- 
tion of the experiment, radioactive glucose was continuously formed and 
metabolized. Therefore, the amount of the C'-glucose synthesized and 
converted to other compounds during the hour is not included in the values 
shown in Table III.’ 

In order to estimate the actual amounts of fatty acids converted to 
glucose we have made the following assumptions: The emulsion is con- 
sidered to be uniformly distributed throughout the liver and to be metabo- 
lized indistinguishably from native fats. We have also assumed that glu- 
cose synthesis from fatty acids occurs almost entirely in the liver. 

Liver fats of three normal rats were analyzed following the intravenous 
injection of a tripalmitin-6-C™ emulsion, and 30 to 50 per cent of the C™ 
was found in total liver fatty acids after }, 3, and 1 hour. Since the size 
of the liver fat pool may be considered constant over 1 hour, the specific 
activity of liver fats did not fluctuate greatly from 15 to 60 minutes after 
the injection. The normal liver was found to have a total fatty acid con- 
tent of about 200 mg.; thus recovery of 0.5 per cent of the injected C™ in 
extracellular glucose at the end of 1 hour involves the conversion of 200 < 
0.5/30, or 3.3 mg., of the liver fatty acid. For reasons discussed above, 
this is considered a minimal value. 

Since about 2.2 per cent of the injected C% was found in extracellular 
glucose of the diabetic rat, and provided that 200 mg. represent the size 


A calculation of the total amount of activity incorporated into extracellular 
glucose would require a knowledge of the specific activity-time variation of the body 
pool of glucose. Because of difficulty in obtaining successive blood samples from the 
rat, the specific activity-time variation of the glucose ‘‘pool’’? was not determined 
in this animal. Such measurements are being carried out in the dog. 
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of the liver fat pool of a diabetic rat, 200 X 2.2/30, or 14.6 mg., of the 
total liver fat were involved in the conversion to glucose. 

Thus, subject of course to our assumptions, the amount of fatty acid con- 
verted to glucose is 5 times greater in the diabetic than in the normal rat. 

The above values can also be used to estimate the amount of glucose 
formed from liver fats, provided a specific assumption is made regarding 
the number of carbon atoms of the fatty acid ultimately converted to the 
glucose molecule. Assuming @ oxidation of palmitic acid to identical 2- 
carbon fragments,° and utilization of both carbon atoms for glucose syn- 
thesis, 15 mg. of this fatty acid give rise stoichiometrically to 28 mg. 
of glucose. This figure is not changed by more than 2 per cent if the 
calculation is made for stearic or oleic acid or for any combination of these 
16- and 18-carbon fatty acids. 28 mg. represent about 8 per cent of the 
total amount of glucose turned over per hour in the diabetic rat (4). 

In the normal rat, 6.5 mg. of glucose are formed from fatty acid, which 
is about 3 per cent of the total glucose turned over per hour. 

These figures indicate that the contribution of fatty acids to glucose is 
less than 5 and 10 per cent of the total glucose turned over per hour in 
normal and diabetic rats, respectively. The actual importance of this 
process may be far greater than these minimal values would lead one to 
believe. This interesting possibility is supported experimentally by the 
finding that the amount of C™ recovered as extracellular glucose of the 
diabetic rat (1.6 to 2.9 per cent) at the end of 1 hour is more than half 
that expired in CO, during this hour (3 to 5 per cent). It may be recalled 
here that the former values are minimal, whereas the CO, figures represent 
total actual recoveries. Furthermore, the specific activity of the CO: car- 
bon is only twice that of glucose carbon (Table III). Thus, by compari- 
son with oxidation of fatty acids to COs, incorporation into glucose in 
the diabetic rat may be of considerable importance. 


We are indebted to Miss Mildred Gee for the preparation of the C™- 


4 While the diabetic rats used here appeared to have increased amounts of fat in 
their livers, other (7) data indicate similar fat levels in normal and diabetic rats. 
For this reason, as well as to obtain minimal values, the lower figure of 200 mg. was 
used for both normal and diabetic rats. 

5 Recent reports indicate small differences in the metabolic fate of the carbons of 
a long chain fatty acid, depending on the position in the carbon chain. For our 
purpose such differences are negligible, especially since they involve a small fraction 
of the total number of carbon atoms of the chain. 

6 The amount of glucose formed as calculated here represents only the contri- 
bution of fatty acid carbon to glucose; e.g. three 2-carbon fragments are considered 
the carbon equivalent of 1 hexose molecule. We do not wish to imply, however, 


that three 2-carbon fragments can become incorporated into the same glucose 
molecule. 
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the labeled tripalmitins used in this study. Our best thanks are due to Dr. B. 
| M. Tolbert for the methyl-labeled acetate. 


on | , 
at: SUMMARY 
Se 1. The conversion of palmitic acid-1-C" and palmitic acid-6-C" to glu- 
ng cose was studied in normal and in alloxan-diabetic rats. Two types of 
he experiments were carried out. In one, the recovery of the injected fatty 
2- acid-C™ in the glucose excreted by diabetic rats in 24 hours was measured. 
m- y In the second, the incorporation of fatty acid-C" into plasma glucose 1 
1g. hour after its injection was determined. Carrier-free phenylglucosazones 
he | were prepared from plasma glucose, a procedure that allowed us to com- 
se pare conversion of fatty acid to glucose in the normal and diabetic rat. 
he 2. In 24 hours, 3 to 6 per cent of the injected palmitic acid-6-C" was 
recovered in the urinary glucose collected from diabetic rats. On the basis 
ch of previous work on glucose turnover, it was estimated that at least 6 to 


12 per cent of the injected C“ is incorporated into glucose in 24 hours by 
is | the diabetic rat. 


in 3. From 1.6 to 2.9 per cent of the injected palmitic acid-6-C™ was cal- 
iis culated as present in extracellular glucose in the diabetic rat and from 0.5 
to | to 0.9 per cent in the normal rat 1 hour after injection. From 3 to 5 per 
he cent of the palmitic acid-C“ was recovered in expired CO, of normal and 
he diabetic rats. 
aulf ) 4. Experiments carried out with NaHC"Os, in normal and diabetic rats, 
ed | indicate that the major portion of the values referred to in the preceding 
nt | paragraph can be attributed to pathways other than CO, fixation. 
r- 5. Experiments with methyl-labeled acetate showed that the incorpora- 
ri- tion of the C™ into extracellular glucose was greater in the diabetic than 
in | in the normal rat. 
6. The significance of glucose synthesis from fatty acids in normal and 
diabetic rats was estimated. It appears that less than 5 per cent of the 
M4 total glucose turned over per hour in normal rats, and less than 10 per cent, 


in diabeti¢ rats, is derived from fatty acids. These values represent the 
lower limit of glucose synthesis from fat. 
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PROCEDURES FOR THE MICROESTIMATION OF 
NITROGENOUS PHOSPHATIDE CONSTITUENTS* 


By CELIA LEVINET anp ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, March 30, 1951) 


This paper describes procedures for the separation and quantitative 
estimation in minute amounts of several nitrogenous substances normally 
encountered as constituents of phosphatides; viz., ethanolamine, choline, 
and serine. The work is based on techniques employing paper chroma- 
tography, previously applied to the investigation, in a qualitative fashion 
only, of tissue lipides (1); its principal features were reported in a brief 
communication (2); its application to a survey of the distribution of nitroge- 
nous constituents in a series of phosphatide fractions of beef brain also is 
included in the present communication. The use of these separation pro- 
cedures for the study of several nitrogenous compounds, analogous to the 
ones discussed here, is described in an accompanying paper (3). Other 
applications will be illustrated in another publication (4). Similar methods 
also have recently been applied to a study of the composition of vitamin 
Bre (5). 

The method rests on the following principles: (a) hydrolysis of the phos- 
phatide and removal of the fatty acids; (b) separation of the bases by uni- 
dimensional partition chromatography on filter paper (6); (c) demonstra- 
tion on chromatographic guide strips of the location of adsorption zones 
containing primary amines by means of ninhydrin; (d) quantitative col- 
orimetry, also with the employment of ninhydrin, of corresponding eluates; 
(e) development of separate chromatograms for choline by its conversion 
to choline phosphomolybdate, followed by the reduction of the latter to 
molybdenum blue; (f) quantitative planimetry (7) of the choline spots 
thus produced. 

The preferred range for the separation and estimation of primary amines 
is 5 to 20 y of each component; that of choline is 25 to 75 y. Satisfactory 
chromatographic analyses have been performed, however, with 20 to 100 


* This work was supported by grants from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council 
and from the Life Insurance Medical Research Fund. 

+ This report is from a dissertation submitted by Celia Levine in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy in the Faculty of Pure 
Science, Columbia University. 
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of choline and, when only one compound was present, with 4 to 50 y of the 
primary amines. 

Among the micromethods previously available for the determination of 
lipide bases, procedures making use of the enneaiodide (8, 9) and of the 
reineckate (10-12) of choline should be mentioned; ethanolamine has been 
determined by fractional distillation (13, 14) and by periodate oxidation 
(15), serine by the latter method (15) and by estimation of the amino acid 
nitrogen (16). 

EXPERIMENTAL 
Material 


The substances serving as the standards were pL-serine (Merck), ethanol- 
amine (rectified by distillation in vacuo), and choline chloride (recrystal- 
lized from ethanol and stored with exclusion of moisture). 

A number of compounds served as the reference substances. The 
preparation of phosphatidyl serine from beef brain (16) used in these ex- 
periments has been described before (17). Aminoethylphosphoric acid was 
synthesized according to Outhouse (18); it contained N 9.9 per cent; cal- 
culated for C,HsNO,P (141.1), N 9.9 per cent. In addition, a lipide frac- 
tion very rich in phosphatidyl ethanolamine is discussed in the last section 
of this paper. 

Lecithin was prepared from egg yolk in the customary manner via the 
cadmium chloride double salt, which was recrystallized from a mixture of 
2 parts of ethyl acetate and 1 part of 80 per cent ethanol. After decom- 
position of the double salt with 20 per cent ammonia in methyl alcohol, 
the lecithin was recovered, precipitated from its ethereal solution with 
acetone, dried, suspended in water, dialyzed, and freed of water by evap- 
oration in the frozen state in a vacuum. It formed a white powder and 
contained N 1.78, P 3.88 per cent (atomic N:P ratio 1.01). 

The solvents and reagents used were purified commercial preparations. 
The filter paper employed in chromatography was Schleicher and Schuell 
No. 597. For the planimetry of the choline spots a compensating polar 
planimeter (Keuffel and Esser Company, New York) was employed. A 
Gilmont ultramicroburette (Emil Greiner Company, New York) was used 
to dispense 0.01 ec. aliquots with an accuracy of +1 per cent. 

Phosphorus was determined colorimetrically (19), total nitrogen by the 
Kjeldahl procedure, and amino nitrogen and amino acid nitrogen by mano- 
metric methods (20, 21). Ammonia was determined titrimetrically by the 
method of Sobel ef al. (22). 


Estimation of Primary Amino Compounds (Serine and Ethanolamine) 


Solutions—Normally, exactly measured 0.01 ce. aliquots of the solution 
to be analyzed were employed in each determination. The test solutions 
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contained 1 mg. each of pi-serine and ethanolamine per ce. Phosphatide 
hydrolysates were, if possible, adjusted before analysis to contain approxi- 
mately 200 to 700 y of amino N per ce. All solutions were brought to pH 
1 before being deposited on the paper. 

Separation and Development—Each paper strip carried five lanes 2.5 cm. 
wide, separated from each other by 0.3 cm. The first lane served as the 
blank, the last as the guide strip. The solvent system employed consisted 
of a mixture of 4 volumes of n-butanol with 1 volume each of diethylene 
glycol and water. Other details of the chromatographic technique fol- 
lowed the procedures described before (23). After unidimensional chro- 
matographic separation for about 18 hours in a closed system, the papers 
were dried for 1 hour at room temperature. Standard solutions of the 
bases to be determined were invariably analyzed at the same time in sepa- 
rate chromatograms. 

The lane serving as the guide strip was cut off, sprayed with the 2 per 
cent ninhydrin solution prepared according to Moore and Stein (24), and 
heated in an oven at 100° for 5 minutes, in order to develop the colored 
spots indicating the positions of the primary amino compounds. The 
approximate Ry values (6) were 0.18 for serine, 0.35 for ethanolamine. 
The separation was adequate when the quantities of each component pres- 
ent in the 0.01 ce. portion of solution applied to the paper did not exceed 
20 y. In addition, care was taken to have the troughs, containing the 
solvent mixture, exactly horizontal and the paper strips well aligned, in 
order to prevent the adsorption zones from overlapping on the neighboring 
lanes. 

Estimation—Because of the high sensitivity of the ninhydrin reagent it 
is essential that in quantitative estimations the papers be handled as little 
as possible after the chromatographic separation. The lanes were cut 
apart and the 0.3 em. wide areas dividing them were discarded. With the 
guidance of the developed lane the segments (usually 4 to 6 cm. long) of 
the paper strips corresponding to the visible adsorption zones were re- 
moved, cut into small pieces on glazed paper, and transferred to tubes for 
extraction. The same was done with corresponding segments of the blank 
lane. In all these operations, the papers were held so as to avoid contact 
with the regions that were to be extracted. 

The extraction was carried out in well stoppered Pyrex test-tubes (10 X 
100 mm.) with 2.5 ce. of a mixture of equal volumes of n-propanol and 
water at 37° for 1 hour or overnight at room temperature. The extracts 
then were transferred quantitatively to large test-tubes graduated at 5 ce. 
and the extracted paper segments were squeezed with a glass rod to re- 
move residual liquid and then rinsed with 0.5 ce. of the extracting fluid. 

1 Drying of the papers at elevated temperatures must be avoided in quantitative 
determinations because of the volatility of the amino alcohols. 
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After the addition of 1 cc. of the ninhydrin solution (24) to each tube, the 
tubes (usually twenty-four at one time) were placed for 30 minutes in a’ 
water bath which was kept boiling vigorously and evenly.” 

The tubes were subsequently cooled to room temperature and the vol-| 
ume in each was adjusted to 5 cc. by the addition of propanol-water (1:1).| 
The color was read in a Klett-Summerson photoelectric colorimeter with 
a green filter (absorption maximum 540 my), 10 minutes after volume ad- 
justment and within 1 hour after the color development. 

The extracts from the blank segments, equal in size and position to the 
corresponding adsorption zones of the amino compounds, were treated in 
the same manner and their color readings subtracted from those of the 
unknown. 

Blanks—The reading for the ninhydrin reagent blank was, under the 
conditions of the experiments, around 40. The readings given by extracts 


of the paper blanks were, in general, directly proportional to the size of | 


the paper segments from which they derived. Small differences in the 
blank values were probably due to variations in the quality of individual 
paper sheets* and to traces of ammonia and volatile amines in the atmos- 
phere. When the paper sheets were irrigated with the solvent system 
under conditions exactly equaling those of the chromatographic experi- 


ments, but in the absence of the nitrogenous compounds, the blank read- | 


ings were 8.5 to 9 per sq. cm. of paper, regardless of the region from which | 


the segment came. For the blank lanes of the actual quantitative sepa- | 


ration experiments, similar values were obtained. 

Color Yields—The relative color yields with ninhydrin, expressed as the 
reading (in arbitrary scale units) with the Klett-Summerson photoelectric 
colorimeter (equipped with Filter 54) divided by the micromoles of com- 
pound present in the analytical sample, are assembled in Table I for sev- 
eral experimental series. The ninhydrin solutions were stored with the 
precautions described by Moore and Stein (24) and never used for more 
than 3 weeks. Deterioration of the reagent appeared to affect the color 
yield of ethanolamine more than that of serine. It will be noticed that 
under the experimental conditions fluctuations in color yield were ob- 
served with different ninhydrin reagent solutions. For this reason, sets 


2 Strong and regular heating was found necessary, in order to obtain adequate 
evaporation and color development. Only during the second half of the heating 
period, when the volume of the solution was much reduced (0.5 to 1 ce.), could the 
color reaction be seen to take place. A marked variation in color yield (on a molar 
basis) was observed when the evaporation of the solvent proceeded in a slow and 
unsteady fashion. 

3 When the paper was washed with aqueous propanol previous to chromatography, 
the blank readings were slightly lower, but the adsorption zones were elongated and 
more diffuse, and this step was, therefore, not included regularly. Acid-washed 
papers must be avoided because of their greater tendency to absorb ammonia. 
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of standards, on which the calculations were based, always were included 
in each chromatographic series. 1 per cent aqueous stock solutions (pH 1) 
of serine or ethanolamine were stored at 4°, and fresh 0.1 per cent standard 


TaBLeE I 
Molar Color Yields of Serine and Ethanolamine in Ninhydrin Reaction* 

















| Ninh Serine | Ethanolamine 
on es sno = 
| Amount ‘Molar color =. Amount Molar color yieldt 
| ¥ | | ¥ | 
1 o/s 10.0 | 1503 | 10.6 888 
2 2 | 10.0 | 1418 14.1 | 886 
3 3 | 116 } 1519 8.38 978 
4 4 14.6 | 1520 | 9.83 808 
5 _ = 10.0 | 1387 | 14.1 884 
6 | 6 10.7 1498 | 18.0 | 1063 
7 , 4 8.93 | 1630 | 10.7 802 
St 7 8.93 | 1617 | 10.7 811 





* In these experiments, each of which represents the average of several determi- 
nations, aliquots of standard solutions were, without previous chromatography, 
subjected to the same treatment as the extracts from the chromatograms. 

} The molar color yields represent the readings (in arbitrary scale units) given 
by a sample in the Klett-Summerson photoelectric colorimeter (with Filter 54) 
divided by the micromoles of compound present in the analysis. 

{ The same ninhydrin solution as in Experiment 7, but about a week later. 
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Fic. 1. Quantitative color reaction of ethanolamine and serine with ninhydrin. 
The colorimetric readings (in arbitrary units) before and after paper chromatogra- 
phy are plotted against the amounts present in the experiments. 


solutions, of which 0.01 cc. aliquots were used in each analysis, were pre- 
pared from them weekly. 

One series of analyses of individual samples of serine and ethanolamine, 
carried out both directly and after paper chromatography, is represented 
in Fig. 1. The readings followed Beer’s law; those for amounts greater 


ViIM 
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than 40 y represent a summation of values, since the adsorption zones had | mos 
been divided into several portions for extraction. tion 

Recovery—The recovery of individual samples of serine and ethanola- | mat 
mine after chromatography is presented in Table II for a series of repre- | tho 


























TABLE II nin! 
Quantitative Chromatography of Serine and Ethanolamine pe 
iisuiicaiaaaaiics | cane eT 7 diececomaee last 
Substance _ Quantity wVinial weight® se to ] 
is a ay ae ee : -— - | In 
2 Serine 8.93 105 ma 
6 ve 10.0 103 is | 
3 | ce 10.7 91 dri 
9 . 14.6 101 cer 
9 | cna: 16.7 103 
6 Ethanolamine 9.83 95 | 
2 | . 10.7 98 dr 
9 | “ 14.0 99 chi 
7 "s 14.1 100 an 
i. 76 Speen ie ae ee ; col 
* Average per cent of substance recovered in all experiments, with its standard 48 
deviation in parentheses: serine, 101 (2); ethanolamine, 98 (4). 
ek 
Taste III z 
Separation of Serine and Ethanolamine etl 
Substance in mixture subjected to Substance recovered after separation, 9] 
No: teapanents | separation | as average per cent of initial weight* 
| Serine | Ethanolamine | Sohe Ethanolamine aq 
v s ac 
8 10.7 18.0 102 | 101 va 
12 | 8.93 10.7 99 92 an 
* Average per cent of substance recovered in all experiments, with its standard ® 
deviation in parentheses: serine, 100 (4); ethanolamine, 96 (3). 14 
sentative experiments. Quantitative separation experiments with mix- 
tures of the nitrogenous substances are summarized in Table III. 5 
Interference by Other Substances with Chromatographic Recovery of Eth- a 
anolamine—Owing to its position on the chromatogram, choline (Rp = 
0.43) is found in an adsorption zone often overlapping that of ethanola- 
mine (Ry = 0.35) when hydrolysates of mixed phosphatides are examined. . 
No interference with the color yield of ethanolamine was noted, however, 
when mixtures of 0.23 um of ethanolamine and 0.18 to 0.36 um of choline (« 


were subjected to chromatography. 
Ammonia, when present in the hydrolysates or attracted from the at- b 
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mosphere during chromatography, was found to interfere with the estima- 
tion of ethanolamine. When ammonium chloride was subjected to chro- 
matography under the conditions described above, a diffuse purple area, 
though no definite spot, was produced by treatment with the 2 per cent 
ninhydrin solution (24); its center was in the region where ethanolamine 
accumulated (Rr approximately 0.4).4 When mixtures of serine, ethanol- 
amine, and ammonium chloride were chromatographed, 80 per cent of the 
last was recovered together with ethanolamine. It is, therefore, necessary 
to perform the quantitative determinations in an atmosphere free of NH. 
In phosphatide hydrolysates prepared with aqueous acid, in which NH; 
may be expected as a breakdown product, a correction is applied. This 
is based on the molar color yield of ammonia with the particular ninhy- 
drin reagent batch used® and on a quantitative estimation of the NH; con- 
centration in the hydrolysate by a suitable micromethod (22). 

Test Substances—A minoethylphosphoric acid proved very resistant to hy- 
drolysis by acid. After hydrolysis with 6 N HCl for 24 hours at 100° and 
chromatography, two distinct adsorption zones were discerned, one with 
an R» of 0.15, representing the unhydrolyzed compound, the other at 0.40, 
corresponding to ethanolamine. When, after hydrolysis with 6 N HCl for 
48 hours at 100°, the hydrolysate was evaporated and freed of acid in a 
vacuum and the residue dissolved in a known volume of water, adjusted 
to pH 1, and analyzed by chromatography, only one zone, representing 
ethanolamine, was found; the yield of free amino alcohol corresponded to 
91 per cent of the theory. 

For the study of phosphatidyl serine, 119.5 mg. were heated in 15 ce. of 
aqueous 6 N HCl for 48 hours at 100°. After the removal of the fatty 
acids by filtration of the chilled mixture, the solution was evaporated in a 
vacuum with repeated addition of water, and the residue, dried over P.O; 
and NaOH in vacuo, dissolved in water, adjusted to pH 1, and brought to 
a volume of 8 cc. The solution contained 97 per cent of the original P, 
141 um of amino N (97 per cent of the original), and 115 um of amino acid 
N (86 per cent). Chromatographic analysis of the solution yielded, in 
addition to a small amount of ethanolamine, a very distinct zone corres- 
sponding to serine. The total quantity of serine found in the hydrolysate 
was 100 um (87 per cent of the amino acid N of the hydrolysate). 


‘No color was produced in such chromatograms, in contrast to those containing 
ethanolamine, when 0.1 per cent ninhydrin in n-butanol was employed as the de- 
veloping reagent. This offers the possibility of a distinguishing test (5). 

> The molar color yields of ammonia, measured with ninhydrin Solutions 3 and 4 
(compare Table I), were, for instance, 1254 and 1342 respectively. The liberation 
of NH; as a breakdown product in the cleavage of phosphatides can be minimized 
by appropriate hydrolysis procedures (4, 15). 
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Estimation of Choline 


Solutions—Separate chromatograms served for the estimation of cho- 


line. The solutions, of which, as a rule, aliquots of 0.01 cc. were dispensed | 
on paper, were previously adjusted to pH 1 with HCl and to a concentra. | 


tion of 0.25 to 1 per cent of choline chloride. 

Separation and Development—In each paper strip (16 45 cm.) the 
longer edge paralleled the water-marks of the paper. The drops were placed 
midway between the water-marks and about 2.5 cm. apart, along a trans- 
verse line 9 cm. below the upper edge of the paper. Each strip, there- 
fore, served for five separations, with the water-marks as the demarcation 
lines between individual lanes. The same solvent system as for the sepa- 
ration of the primary amines was used; viz., n-butanol-diethylene glycol- 
water (4:1:1 by volume).® Each strip carried three 0.01 cc. aliquots 
containing different known amounts of choline chloride within the concen- 
tration range mentioned above and two 0.01 cc. aliquots of the solution to 
be analyzed in duplicate. After chromatographic separation for 24 hours 
the papers were dried for 1 hour at room temperature and 4 hour at 100°. 

The choline zone was made visible in the following manner (cf. (1)). 
The paper strip was immersed in a 2 per cent aqueous solution of phos- 
phomolybdic acid for 1 minute. It then was washed in butanol for 5 
minutes and in running water for the same length of time, and passed 
slowly through a freshly prepared 0.4 per cent solution of stannous chlo- 
ride in 3 N HCl. The spots thus produced were dark blue and showed 
clearly defined boundaries on a bluish white background. The wet strips 
were placed on absorbent paper and dried at room temperature for at 
least 30 minutes. The area measurements were carried out subsequently, 
within 3 hours after development. The average Rr of choline in the sol- 
vent system employed was 0.43. 

E'stimation—Choline was estimated by planimetry of the areas occupied 
by the individual spots. There existed a linear relationship between the 
area and the logarithm of the choline concentration, similar to the findings 
of Fisher et al. (7). For measurement, the dry papers were placed on a 
mat glass plate illuminated from below by strong white light; this aug- 
mented the contrast between spot and background. Each spot was cir- 
cumscribed four times and the average area calculated in arbitrary units. 
The sharpness of the boundaries was not improved when photographs (7) 
rather than the papers themselves were used for the measurements; the 
precision of the planimetry was +1.8 per cent. For each chromatogram, 

6 Another solvent system suitable for the quantitative chromatography of choline 


consisted in the upper layer of a mixture of n-butanol and morpholine (3:1 by vol- 
ume), saturated with water. 
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the areas given by the three standards were plotted against the logarithms 
of their respective concentrations. The line laid through these points 
served for the computation of the amounts of choline present in the solu- 


' tions to be analyzed via the measurement of the areas covered by them. 


Three determinations of this kind are illustrated in Fig. 2. It will be 
seen that the lines plotted from individual chromatograms differed in slope, 
owing presumably to variations in paper texture and experimental con- 
ditions. Nevertheless, values for the same unknown solution determined 


xt * 


LOGARITHM, CONCENTRATION 
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Fig. 2. Quantitative estimation, by planimetry of paper chromatograms, of 
choline in lecithin hydrolysate (CH;O0H, HCl). xX, +, * indicate choline standards; 
the circles denote the unknown in three independent determinations on identical 
aliquots. The logarithm of the concentration of choline chloride in micrograms per 
0.01 cc. is plotted against the area in arbitrary units. 


from several such lines agreed within the error of the method. The modi- 
fication of the planimetric arrangement, suggested by Fisher e¢ al. (25), 
which obviates graphical estimations, gave a slightly higher degree of ac- 
curacy, but was not used regularly, since the necessity of preparing two 
solutions of the unknown of different concentrations, but within the opti- 
mum range of the method, made it difficult to employ in cases in which 
very little material was available. 

When hydrolysates of mixed phosphatides were to be analyzed for all 
their nitrogenous constituents, it occasionally was found convenient to use 
0.02 ec. aliquots for the determination of choline. In such cases, the solu- 
tion was applied to the same spot in two equal portions, the first 0.01 ce. 
aliquot being allowed to dry before the second was placed directly over it. 
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Deposits of 0.02 cc., applied in this manner, formed circles of the same 
diameter, 0.8 cm., as 0.01 cc. portions. When the same amount of choline, 
contained in 0.01 and 0.02 cc., was chromatographed in this way, the vari- 
ations in area were insignificant. 

Recovery—The recovery of choline from solutions containing no other 
compound is exemplified in Table IV. Choline analyses on mixtures con- 
taining, in addition, serine and ethanolamine also are summarized in Table 
IV. It will be noticed that ethanolamine, though in its position on the 
chromatogram often overlapping that of choline, does not interfere with 
the determination of the latter. 





TasBLe IV 
Quantitative Chromatography of Choline in Absence and Presence of Serine and 
Ethanolamine 
, | No. of | Choline chloride subjected Recovered after 
Experiment No. | determinations to chroms tography egpicom ge. grr A a 


per cent of initial weight* 








| 7 | 
it | 4 28.3 99 
2t | 4 28.3 | 100 
3t 4 | 48.0 99 
4t | 4 | 48.0 | 98 
5t 1 56.0 99 
6t 4 67.1 | 99 
7t 4 67.1 97 


* Average per cent of choline recovered, with its standard deviation in paren- 
theses, in Experiments 1, 3, 5, and 6, 99 (4); in Experiments 2, 4, and 7, 98 (5). 

+ In these experiments, choline was the only compound present. 

t In these experiments, each aliquot subjected to chromatography contained, in 
addition to the indicated amounts of choline chloride, 9 y of serine and 11 y of etha- 
nolamine. 


Test Substance—Two analyses of the lecithin preparation described above 
will illustrate the application of the procedure. The sample weight of 
lecithin was in both cases 100.0 mg., containing 1.78 mg. of N and 3.88 
mg. of P. In the first experiment, the hydrolysis was carried out with 10 
cc. of 6 N aqueous HCl for 48 hours at 100° under a reflux. The chilled 
mixture was freed by filtration of the fatty acids, which were washed 
repeatedly. The residue resulting from the evaporation of the filtrate, 
with repeated addition of water, in a vacuum was dried over P.O; and 
NaOH in vacuo and dissolved in water to give a total volume of 3.3 ec. of 
pH 1. The solution contained all the original P of the phosphatide (125.5 
uM, P, z.e. 100.3 per cent of the lecithin P). The total quantity of choline 
found in the hydrolysate was 124.7 um, which corresponded to 98.2 per 
cent of the lecithin N and to a molar choline to phosphorus ratio of 1. 
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In the second experiment, the hydrolysis was carried out in 10 cc. of dry 
methanol, which was 6 N with respect to gaseous HCl, for 3 hours under a 
reflux (15). Following evaporation in vacuo at 35°, the residue was re- 
fluxed in 10 cc. of water at 100° for 1 hour.?’ The cooled mixture was 
repeatedly extracted with ether, to remove fatty acids, and filtered through 
a thin layer of Celite. After evaporation and removal of HCl, as described 
in the preceding paragraph, the solution (2.2 cc.) was analyzed in 0.01 ce. 
aliquots. Fig. 2 illustrates three independent analyses of this hydrolysate. 
The solution was found to contain a total of 109.1 um of P (87.2 per cent 
of the lecithin P) and 101 um of choline (79.5 per cent of the lecithin N). 
The molar ratio of choline to phosphorus in the hydrolysate was 0.93.8 











TABLE V 
Beef Brain Phosphatides 
Fraction No. | Yield P | Total N NP | NHN 
See | a ee ee 
| Fag nde dl | per cent | per cent | per cent | p pte yg 
I | & | 8.46 | 1.76 1.12 | 0.70 | 39.8 
I-C* | Pet 3.14 1.35 0.95 | 0.97 | 71.9 
II-L-1 | 0.1 | 2.14 | 1.42 1.47 | 0.82 57.8 
II-L-2 | 0.2 | 2.73 | 1.94 1.57 | 0.68 | 35.1 
II-L-3 0.08 | 2.93 | 1.50 1.138 | 1.02 | 68.0 
II-C | Es | 3.16 | 1.40 0.98 | 1.19 | 85.0 


| 





* This fraction contained 0.43 per cent of amino acid N (31.9 per cent of the to- 
tal N). 


Distribution of Nitrogenous Constituents in Beef Brain Phosphatides 


Material’—The preparations from beef brain will be only very briefly 
described, owing to limitations of space, in the order in which they are 
listed in Tables V to VII. Fraction I essentially represents a specimen of 
mixed phosphatides, freed of cerebrosides and of impurities soluble in physi- 
ological saline (26). The crude cephalin Fraction I-C prepared from it, 
insoluble in aleohol-ether (5:1) and in acetone, was recovered by the evap- 
oration in a vacuum, in the frozen state, of its thoroughly dialyzed aqueous 


7 This step, used here only as a control, is necessary when phosphatide mixtures 
containing phosphatidyl serine are to be analyzed, in order to cleave the methyl 
ester of serine formed during the phosphatide hydrolysis. 

8 It should be mentioned that purified lecithin samples, hydrolyzed with 6 N 
aqueous HCl, occasionally yielded hydrolysates that, when chromatographed in 
relatively high concentrations, showed, in addition to choline, a second, much fainter 
zone which also reacted with phosphomolybdiec acid. The Rr value of this com- 
ponent was about 36 per cent greater than that of choline. 

° The experiments were, whenever feasible, carried out in the cold and in a nitro- 
gen atmosphere, with purified and rectified solvents. 
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suspension. Fractions II-L-1 and II-L-2 were obtained from an ethanol 
extract of an acetone powder. Fraction II-L-1, insoluble in acetone and | 
warm ether, was deposited by the alcoholic solution at 0°; Fraction II-L-2) — 
was recovered by precipitation with acetone. Both fractions were suit- 
ably purified, the second preparation also by dialysis. Fraction II-C was | 
a crude cephalin preparation, isolated, with a number of modifications, | 
according to Folch (16). It then was divided into the Subfractions II-C-1 
to II-C-5, corresponding to Fractions I to V of this author. Fractions 
II-L-3 and II-C-6 were recovered from the mother liquors of Fractions II-C 
and II-C-5 respectively. 

Hydrolysis Procedures—About 15 mg. of phosphatide, adjusted after hy- 
drolysis to a volume of 0.2 cc. (at pH 1), were used in routine analyses. 
When a search was made for novel nitrogenous constituents and the com- 
plete nitrogen distribution in the hydrolysate was to be determined, about 
500 mg. of the lipide specimen were subjected to cleavage in a total fluid 
volume of 30 cc. In hydrolysis Procedure 1 (Tables VI and VII) the 
operations followed the procedures described above for the analysis of phos- 
phatidyl serine.° In hydrolysis Procedure 2 (Table VII) the lipides were 
cleaved with methanolic HCl, as exemplified before in the case of lecithin. 

Results—Analyses of the intact fractions are listed in Table V. The 
composition of the hydrolysates is summarized in Tables VI and VII. 
Fraction II-L-2 was analyzed mainly with respect to its non-amino N, 
which, as can be seen, was entirely due to choline. The nitrogen balance 
for the hydrolysate of Fraction I-C (obtained with methanolic HCl) shows 
all the amino N present to be accounted for as ethanolamine and serine. 
In the three cases in which analyses for amino acid N and for serine were 
carried out on the same hydrolysate, the agreement was very good (Table 
VII). The sum of the nitrogen proportions assigned to serine, ethanola- 
mine, and ammonia corresponded fairly well with the amino N of the hy- 
drolysates and, after the addition of the choline N, with the total nitrogen 
values. The agreement was least satisfactory in Fraction II-L-1, which 
contained all of the three unidentified components mentioned below. The 
hydrolysate of Fraction II-C-5 contained somewhat more amino N than 
could be accounted for by the identified amino compounds. This product 
yielded the fast moving component reacting with ninhydrin. In several 
instances, e.g. Fraction I-C, the previous observation (26) was confirmed 

10 Hydrolysis by boiling with 2 n sulfuric acid in the arrangement described previ- 
ously (27) was avoided, since, as has already been pointed out (26, 27), very appre- 
ciable losses of nitrogenous material are encountered. For instance, with Fracti°n 
II-C-1 (Table VI) only 45 per cent of the total nitrogen was recovered after hydrolysis 


with 2 n H.SO, for 24 hours and removal of the barium salts, in contrast to 91 and 
89 per cent after hydrolysis with 6 N aqueous HCl for 24 and 48 hours respectively. 
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‘hanol Tasen Vi 
nee: Subfractions of Crude Beef Brain ‘‘Cephalin”’ (Fraction II-C) 
“Lit —— 
: | Molar ratio, 
> Sult- Fraction No. Yield P Total N N:P | ethanolamine 
@ was c oO serine 
Tt Psa percon | percent | 
igs II-C-1 | 3.75 1.50 0.89 | 1.9 
ctions II-C-2 | _ 3.37 1.59 1.05 0.2 
3 II-C II-C-3 | 6 3.78 1.67 0.98 0.6 
II-C-4 2 | 3.49 1.34 0.85 3.1 
or hy- cs | 12 | 3.79 1.60 0.93 10.8t 
ven II-C-6 | 10 | 3.29 1.63 1.10 
. } } 
com- * Hydrolysis Procedure 1 (6 N aqueous HCl) was used in these determinations. 
about + In this fraction, the molar ratio of choline to serine was found to be 0.5. 
fluid 
) the Tas_e VII 
phos- Distribution of Nitrogenous Constituents in Hydrolysates of Several Brain Lipide 
Fractions 
var, 
ithi R d 
ithin. eas Composition of hydrolysate per 0.01 cc. 
The a Hydrolysis hydrolysate 
Fraction No.* procedure eee Teh 
VII. No. Total Amino| Am- |__| Etha-| cg. 
io N P N P N NH2-N sy — Serine aud ine : 
lance) ~~ a per ‘ per aaew camuie wag a 
hows “ “a uM uM uM uM uM uM uM uM 
rine. orig | arg 
ang I-C 1 (48 hrs.) | 88 | 89 | 0.23] 0.22} 0.21] 0.09} 0.02| 0.08} 0.17 
lable I-C te, &e> °*) 90 | 90 | 0.24) 0.23) 0.20 0.01} 0.09) 0.10 
nola- II-L-1 148" ** ) y t | 0.53) 0.61) 0.32) 0.17) 0.06} 0.15} 0.22) 0.11 
e hy- II-L-2 Same 99 | 72 | 0.86) 0.99} 0.61 0.39 
-ogen II-C-3 “ 87 0.26 0.24) 0.16} 0.07) 0.14) 0.08 
Pee II-C-5 ee 97 | 97 | 0.77| 0.72) 0.69] 0.03) 0.04) 0.04) 0.49) 0.02 
ic 
The * The weights of the samples subjected to hydrolysis varied between 250 and 650 
than mg. 
duct + These values are corrected for the ammonia present in the hydrolysates. 
cou t A portion of the hydrolysate was lost. 
rmed that the hydrolysates contained more amino N than was indicated by the 
revi- amino N analysis of the intact phosphatide. 
ppre- Small amounts of three new components were seen on the chromato- 
erst grams, of which two reacted with ninhydrin, whereas the third required 
‘ ane the type of development described for choline. The compound most fre- 
ly. quently encountered (1), designated here as Ni-I and noticed only in hy- 
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drolysates prepared with aqueous HCl, reacted with ninhydrin and was, 19. 
in general, somewhat slower than serine in its chromatographic mobility, 20. 
It was found in Fractions I, I-C, II-L-1, II-C, II-C-1, and II-C-2 (compare 
Tables V and VI). When examined in the seven solvent systems listed | 
in Fig. 1 of the following paper (3), it was consistently situated above | 4: 
serine in all solvents. Quantitative determinations, with serine as the 
standard, showed its concentration in Fraction II-C-1 to amount to about 
11 per cent of the serine value found for this fraction and to 2 per cent in = 
Fraction II-C-2. = 
The other novel components were a fraction also reacting with ninhy- 
drin and moving 46 per cent faster than ethanolamine in aqueous butanol- 
diethylene glycol, encountered only in Fractions II-L-1 and II-C-5, anda 
constituent, present in Fraction IIJ-L-1, behaving similar to choline, but 
having a R» value 23 per cent greater than it in the same solvent. Simi- 
lar adsorption zones also were observed occasionally in hydrolysates of 
purified lecithin preparations.® 


SUMMARY 


The separation by chromatography on filter paper and the quantitative 
estimation in minute amounts (5 to 75 y) of the nitrogenous lipide constit- 
uents ethanolamine, serine, and choline are described. The methods were 
applied to the analysis of several purified lipide preparations and to a sur- 
vey of the composition of a series of phosphatide fractions from beef brain 
in the course of which several novel constituents were encountered. 
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CHROMATOGRAPHIC BEHAVIOR OF ANALOGUES OF THE 
NITROGENOUS LIPIDE CONSTITUENTS* 


By CELIA LEVINE anp ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, March 30, 1951) 


The known nitrogenous constituents of the monoamino phosphatides of 
mammalian cells are serine, ethanolamine, and choline. In view of pre- 
vious indications that this list may not yet be complete (1), a search for 
novel nitrogenous components was begun (2, 3) which led to the conclusion 
that at least three unidentified, minor components were present in hydroly- 
sates of beef brain lipides (3). The present communication deals with 
several analogues of the lipide bases listed above and describes their sepa- 
ration, and in some cases their estimation, by chromatography on filter 
paper. The chromatographic behavior of some of the compounds dis- 
cussed here has recently also been studied by Brante (4) with a different 
technique. . 


EXPERIMENTAL! 
Chromatographic Behavior 


Procedures—The techniques employed followed those previously de- 
scribed (3). The solutions were adjusted to pH 1 and dispensed, ordinar- 
ily in 0.01 ce. aliquots, on Schleicher and Schuell filter paper No. 597. 

Separation—The composition of the solvent systems used for separation 
is indicated in the schematic illustrations given here (Fig. 1 and 2). The 
positions on the chromatograms of the substances demonstrable by their 
reaction with a 2 per cent ninhydrin solution (6) are illustrated in Fig. 1. 
Before being sprayed with the reagent, the papers were dried in air for 1 


* This work was supported by grants from the Life Insurance Medical Research 
Fund and from the American Cancer Society on the recommendation of the Com- 
mittee on Growth of the National Research Council. 

+ This report is from a dissertation submitted by Celia Levine in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy in the Faculty of Pure 
Science, Columbia University. . 

1 For the compounds listed in Fig. 1 as 4 to 7 we are greatly indebted to Dr. W. 
Shive, Dr. H. Waelsch, Dr. D. D. Van Slyke, and Dr. F. Lipmann respectively. 
Another specimen of compound 7 was prepared here by synthesis (unpublished). 
Of the substances listed in Fig. 2, 7, 3, and 4 were obtained through the courtesy of 
the Union Carbide and Carbon Corporation, New York; the choline homologues, 
5 to 7, were kindly given us by Dr. C. H. Best. Compound /0 was prepared, as 
mentioned previously (5). 
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Fia. 1. Schematic representation of the position on paper chromatograms of a ti 
series of compounds reacting with ninhydrin. The solvent systems were as follows ” 
(the figures in parentheses denote volume proportions): A, n-butanol (4), diethylene 
glycol (1), water (1); B, n-butanol (3), morpholine (1), saturated with water; C, 
isobutyric acid, saturated with water; D, collidine, saturated with water; EZ, phenol, 
saturated with water; F, phenol, saturated with water (acetic acid atmosphere); 
G, phenol (+ KCN), saturated with water (NH; atmosphere). In systems B, C, a 
and D the top layers were used; in H#, F, and G, the bottom layers. 1, serine; 2, | 
threonine; 3, hydroxyproline; 4, hydroxyaspartie acid; 6, hydroxyglutamie acid; 
6, hydroxylysine; 7, phosphoserine; 8, ethanolamine; 9, l-amino-2-propanol; 10, 
2-amino-l-propanol; 11, aminoethylphosphoric acid. 
Fig. 2. Schematic representation of the position on paper chromatograms of a 
series of compounds demonstrable as their phosphomolybdates. Solvent systems 


(the figures in parentheses denote volume proportions): A and B, as in Fig. 1; H, 
n-butanol (4), dioxane (1), saturated with water; 7, n-butanol (4), pyridine (1), 
saturated with water. In systems H and J, the top layers were used. 1, N-methyl- 
ethanolamine; 2, choline; 3, N-dimethylethanolamine; 4, N-diethylethanolamine; 6, 
triethyl-8-hydroxyethyl ammonium chloride; 6, ethyldimethyl-§-hydroxyethyl am- 
monium chloride; 7, methyldiethyl-6-hydroxyethyl ammonium chloride. 


a few KCN crystals had been added (7), in an NH; atmosphere, some of 
the amino alcohols failed to develop a colored spot after treatment with 
ninhydrin.’ 


2 Ammonia (tested as NH,Cl) accumulated in solvent system A (Fig. 1) near 
ethanolamine (3), but could be separated from the latter in system B in which its 
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The separation of the N-substituted derivatives of ethanolamine that 
can be demonstrated by means of their phosphomolybdates (2, 3) is shown 
in Fig. 2. N-Methylethanolamine could not be developed as the phos- 
phomolybdate, since the yellow spot resulting from the treatment of its 
chromatogram with phosphomolybdic acid was removed by washing with 
butanol. Its adsorption zone could, however, be made visible with ninhy- 
drin.2. The lower limit for the formation of the phosphomolybdates of the 
N-disubstituted ethanolamines was 50 y. For the development of the 
dimethyl] derivative the final washing of the papers, before the application 
of stannous chloride, was reduced to 3 minutes. All other compounds 
gave well defined spots within the range and under the conditions of the 
test for choline (3). 

Estimation—Experiments on the quantitative determination of amino 
compounds were carried out in a few instances. Data on serine, ethanola- 
mine, and ammonia have been provided in the preceding paper, in which 
the techniques used were fully described (3). The application of these 
procedures to the estimation of the amount of aminopropanol produced in 
the hydrolysis of vitamin By has been described recently (5). The molar 
color yields (3) given by 1l-amino-2-propanol and 2-amino-1l-propanol did 
not differ materially when the same ninhydrin solution was employed. 
With a freshly prepared reagent solution, values of 660 and 700 respec- 
tively were obtained. A 16 day-old solution, stored under N» with the 
usual precautions (6), gave figures of 540 and 470. 


SUMMARY 


The paper describes the chromatographic separation on filter paper, in 
a variety of solvent systems, of several homologues of the nitrogenous 
lipide constituents, ethanolamine, serine, and choline. 
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Rr value (7) was about 0.40. The position of N-methylethanolamine on several 
chromatograms is indicated in Fig. 2. This compound yielded a purple color with 
the ninhydrin reagent, but required heating of the papers for a longer period (10 
to 15 minutes at 100°) for its demonstration. It was almost superimposed on am- 
monia in solvent systems B, H, and I (Fig. 2), and was best separated from both 
ammonia and ethanolamine in system A. 

3 N-Methylethanolamine gave, in two series of determinations, extremely small 
molar color yields with ninhydrin, viz. 4 and 4.5. 
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THE UTILIZATION OF ADENINE FOR NUCLEIC ACID 
BIOSYNTHESIS BY TETRAHYMENA GELEII* 


By MARTIN FLAVIN{ ann SAMUEL GRAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, April 25, 1951) 


It has been demonstrated that, in the absence of adenine, the protozoan 
Tetrahymena geleit converts guanine, an essential nutrient, to nucleic acid 
guanine and adenine (1). Kidder and Dewey showed that adenine, al- 
though it did not permit growth when present alone, had a sparing action 
on the amount of guanine required for growth; they postulated that adenine 
might be utilized by this organism for the biosynthesis of nucleic acid 
adenine, but not of nucleic acid guanine (2). This hypothesis has now 
been proved, by isotopic means, to be correct. 


EXPERIMENTAL 


After confirming the sparing action of adenine for strain H, the utiliza- 
tion of adenine was investigated by procedures and calculations essentially 
the same as those previously reported (1). 4 liters of culture medium were 
used,' containing 5 y per ml. of uracil, 1.5 of guanine, and 4.5 of 8-C'- 
adenine.2 A guanine. level just less than that which alone permits half 
maximal growth was used, in order to provide favorable conditions for a 
demonstration of possible adenine utilization for nucleic acid synthesis. 
In contrast to the experiment with 8-C'*-guanine (1), the isotopic purine 
was probably present in a concentration just above the range in which it 
was definitely the limiting factor for growth. 

The data in Table I have been corrected for aliquots which were taken 
from the HCl extract and from the total copper purines. Except as indi- 
cated, no radioactivity could be detected in the acid, alcohol, and ether 
washings. 

Results 


The specific activity of the nucleic acid adenine isolated was 84 per cent 
of that of the administered adenine, while the nucleic acid guanine con- 


* From a dissertation to be presented by M. Flavin to the Graduate School of 
Columbia University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

+ Postdoctoral Research Fellow of the National Cancer Institute, United States 
Public Health Service. 

1 The Protogen was made available to us by Dr. E. L. R. Stokstad of the Lederle 
Laboratories Division, American Cyanamid Company. 

2 Engelman, M., Gillespie, H. B., and Graff, S., unpublished synthesis. 
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Fig. 1. Twenty-four transfer counter-current distribution of nucleic acid purines 
from 7’. geleti, grown in the presence of 1.5 y per ml. of guanine and 4.5 y per ml. of 
8-C'-adenine. The solid line with points represents optical density at 260 my; the 


dash line, the theoretical distribution for guanine and adenine; the straight lines, 
the amount of C™ present. 
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tained no activity. The decline in the amount of C“ recovered, with each 
step in the procedure, can probably be attributed to the technique, in 
view of the zero activity of the protein residue and the adsorption of some 
of the total purines on the sulfides (1). The difference between the acid 
extract and total purines, however, does not permit one to conclude with 
certainty that there are no non-purine-labeled compounds present in the 
former. 

The presence of 25 per cent of the administered C™ in the whole organ- 
isms indicates, if it is all present in nucleic acid adenine, that the amount 
of adenine used by the organisms was about equal to the amount of gua- 
nine available to them. 

The absorption spectra of Tubes 6 to 8 and Tubes 18 to 20 were found 
to be identical with those of authentic samples of guanine and adenine, 
respectively (Fig. 1). The very small but significant amount of C™ pres- 
ent in Tubes 0 and 1 may be attributed to adenylic acid, since the parti- 
tion coefficient corresponds to nucleotide and the free guanine (Table I) 
is unlabeled. The contents of Tubes 0 and 1 showed non-specific absorp- 
tion, but with inflections at 260 my. The purine solution added to Tube 0 
at the start of the distribution was turbid, and the discrepancy between 
the observed and theoretical curves in Tubes 5 and 6 is consistent with the 
insolubility of guanine. 

These results may have some bearing on the mechanism of growth in- 
hibition by 8-azaguanine (3). We have found that either adenine or hy- 
poxanthine, as well as guanine (3), readily releases the inhibition in 7’. gelezz, 
and are investigating the possibility that a block in the conversion of gua- 
nine to adenine may be involved in the action of this antimetabolite. 

The utilization of purines by Tetrahymena contrasts with that by the 
mammal (4), which utilizes adenine for both nucleic acid purines and gua- 
nine for neither, by yeast (5), which utilizes adenine for both and guanine 
for guanine only, and by Lactobacillus casei (6), which 1 is able to intercon- 
vert adenine and guanine. 


SUMMARY 


From Tetrahymena geleii H grown in the presence of 8-C'-adenine and 
suboptimal guanine, nucleic acid adenine was isolated with a specific ac- 
tivity 84 per cent of that of the administered adenine. The nucleic acid 
guanine contained no activity. 

In the presence of suboptimal guanine, 7’. geleii can utilize adenine as 
the major and probably the only precursor of nucleic acid adenine, but 
does not convert adenine to guanine. 
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THE BORON AND LITHIUM CONTENT OF HUMAN BONES* 


By GEORGE V. ALEXANDER, RALPH EK. NUSBAUM, anv 
NORMAN 8S. MacDONALD 


(From the School of Medicine, University of California at Los Angeles, Los Angeles, 
California) 


(Received for publication, May 1, 1951) 


Among the many harmful results of the irradiation of vertebrate ani- 
mals, damage to blood-forming tissues is one of the most serious (1). As 
bone marrow is especially vulnerable, it is of interest to consider whether 
or not the irradiation of the surrounding bone contributes significantly to 
the marrow damage. ‘To the effects of the primary radiation upon the 
marrow itself must be added those effects arising from the bombardment 
of the atoms constituting the bone. Such secondary effects deserve care- 
ful attention when the primary radiation is a neutron flux, for then nuclear 
reactions producing a-particles or protons are possible. These particles 
are emitted with rather large kinetic energies and produce a multitude of 
ionizations along their paths, short though these paths may be. Reticular 
cells and hemocytoblasts of marrow are vulnerable to such powerful ion- 
izing radiations, particularly when these radiations originate in their im- 
mediate vicinity. 

The transfer of energy to tissue by fast neutrons (> 0.1 m.e.v.) is pri- 
marily by way of elastic collisions with hydrogen nuclei. Some oxygen 
and carbon nuclei are also given similar recoil energies (2). The carbon, 
oxygen, and hydrogen content of bone is of the same order of magnitude as 
that of the surrounding tissue; therefore bone tissue is not likely to behave 
uniquely under the impact of fast neutrons. With slow neutrons, however, 
nuclear capture is much more probable, and thus it becomes desirable to 
examine bone for concentrations of atoms readily capable of capturing 
thermal neutrons. A perusal of the published capture cross-sections of 
the elements discloses that, although cadmium and several members of the 
rare earth series possess enormous cross-sections, the capture of neutrons 
by these nuclei results in the emission of y-rays of relatively high energies. 
Such rays, if produced in bone, would readily penetrate the adjacent 
layers of tissue and the marrow without causing significant ionization 
herein. It is the high energy protons or a-particles which are the most 
lethal to nearby tissue (3). Among the elements possessing relatively 
large neutron cross-sections, only Li®, B!°, and N™ produce such particles. 


*This paper is based on work performed under contract No. AT-04-1-gen-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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Table I presents pertinent data for these elements, for those which are S$ 
the main constituents of living bone, and for several others which have} catl 
been found in trace amounts in bone. It is the purpose of the present! tha’ 
work to determine and report the amounts of boron and lithium normally and 


to be found in the human skeleton. san 


lay 
ana 


TaBLe I 
Capture Cross-Sections for 0.025 E.v. Neutrons 


Zz Symbol Ca Reaction 
1 H | 0.33 | n, ¥ 
3 Li | 66 | Li§(n, a)H? 
4 Be | 0.01 n, ¥ 
5 B | 718 | Bn, a) Li? 
6 Cc | 0.005 | my) 
| 
7 N 1.66 | N14(n, p)C! 
8 | O 0.001 O(n, a)C'4 
9 | F | 0.01 — 
11 Na | 0.51 ove 
12 | Mg | 0.07 “666 
15 | P | 0.15 é‘ 
16 | . 0.52 ee 
17 | Cl | 32.7 sien 
19 | K | 2.05 eee 
20 | Ca | 0.48 al 
25 | Mn 13 oe 
38 | Sr 1.5 eu 
56 | Ba | 1.38 ce 
82 | Pb | 0.19 as 


Z represents the atomic number; oz is the capture cross-section of the natural 
element in sq. cm. X 10-4. The nuclear reaction associated with the major portion | t 
of the cross-section for the natural element is listed in the last column. Data for 
this table were obtained from the Bureau of Standards compilation (4). \ 


Materials and Methods 


Sample Preparation—Representative bone samples taken from each of 
thirty-three individuals, ranging in age from 5 months to 75 years, were 
used. All samples were scraped clean of soft tissue, dipped briefly in 0.1 
N HCl, washed with distilled water, placed in porcelain crucibles, and 
ashed in a muffle furnace for 12 hours at 600°. All samples were then 
ground to pass a 140 mesh sieve. The strontium content of these same 
specimens has been reported previously (5). 
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Spectrographic Procedure—Sensitivity requirements indicated that a 
cathode layer method was desirable. Preliminary experiments showed 
that it was not satisfactory to prepare standard samples by adding boron 
and an internal standard to normal bone. In order to obtain standard 
samples with which to establish a working curve for boron by the cathode 
layer technique, twenty-five randomly selected bone ash samples were 
analyzed for boron and calcium by an alternative spectrographic method 
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Fig. 1. Working curves showing the ratios of intensities of boron or lithium lines 
to a calcium line as functions of concentrations of boron or lithium. 





which had been developed previously, but which had a somewhat lower 
sensitivity. The details of this method will be reported elsewhere. These 
results indicated that. the variations of individual calcium values from 
their mean were not great. Therefore, calcium in the bone samples could 
be used as an internal standard with a contribution of 9 per cent to the 
standard deviation of the boron determination. 

Unknowns were analyzed simultaneously for boron and lithium with 
the cathode layer method. Thin walled, crater type electrodes were ma- 
chined from } inch stock (Union Carbide and Carbon Corporation, spectro- 
graphic grade A graphite electrodes). The wall thickness and volume of 
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the crater were such that the ratio of volume of sample to volume of | 
carbon burned was 0.5. The amount of sample placed in the crater was | 
approximately 15 mg. The samples were burned to completion with an 8 
ampere, direct current arc. The spectrum lines used were 2497.7 A for 
boron, 3232.6 A for lithium, and 2721.6 A for calcium. 


TaBLe II 
Boron in Human Bone Ash 
































Bin Sex | Age | Reported cause of death Parietal | Vertebra Rib Femur 
| mos. b.p.m. b.p.m. p.p.m. p.p.m. 

6 ess, Hydrocephalus 49 74 69 
7 | “ | 8 | Bronchiolitis 86 52 88 83 

| yrs. 

8 | M. | 24 | Retinoblastoma 54 55 86 
Soe wl Jes Acute leucemia 106 85 112 62 
10 | F. | & . . 58 49 59 
11 | M. | 9 | Trauma 64 60 41 45 
a2 Ss AS Brain tumor 27 55 67 | 44 
13 | “ | 134 | Chronic nephritis 45 55 64 38 
4) “ | 17 | Trauma 39 71 52 58 
a “ 93 69 59 78 
16 ee | R27 Rheumatic heart disease 66 55 63 54 
ag || 8 | 34 Trauma 38 46 79 4] 
18 | “| 34 | Rheumatic heart disease 48 64 55 60 
19 | F. | 38 | e “ “ 54 65 | 44 71 
20 | * | 39 | Cirrhosis 43 71 | 55 58 
21 | M. | 42 | Cardiovascular accident 60 | 52 44 
22 | F. | 51° | Portal cirrhosis 38 86 | 64 66 
Ss i ie | 60 55 | 51 16 
24 | M. | 68 Gastric carcinoma 33 78 | 51 59 
25 « | 72 Cirrhosis 39 | #57 | 90 49 
26 = 75 Pulmonary embolism 37 | 48 49 48 
CCT TE IE SIRE Tria reer a SON rg | 54 | 62 63 57 


The standard deviation of a single determination is +16 per cent. 





To determine whether or not the ashing in porcelain affected the ob- 
served boron content, three portions of a sample of fresh bone were pre- 
pared in separate fashions: thermal ashing in porcelain, thermal ashing in 
platinum, and wet ashing with nitric and perchloric acids in porcelain. 
No significant differences in boron content appeared. No boron was de- 
tectable in the carbon electrodes. 

In order to estimate the lower limit for the detection of lithium by the 
present technique, portions of bone ash, to which had been added various 
amounts of lithium carbonate (Jarrell-Ash), were analyzed. Fig. 1 pre- 
sents the working curves for lithium and boron. 
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Results 


The boron content of the 116 bone samples investigated ranged from 16 
to 138 p.p.m. The average boron content was 61 p.p.m. for ash. The 
concentration of boron in the parietal, vertebra, rib, and femur samples of 
twenty-one individuals, ranging in age from 5 months to 75 years, may be 
found in Table II. The boron content of the parietal, rib, and femur 
samples for twelve cadavers, all of which had been in a state of preserva- 
tion for approximately 35 years, may be found in Table III. Further in- 
formation on the cadavers was lacking, though all appeared to be over 45 
years of age at the time of death. The standard deviation for a single 














TaBLeE III 

Boron in Ashed Bones of Cadavers in State of Preservation Since 1914 
Specimen No. Parietal | Rib | Femur 
p.p.m. | p.p.m. b.p.m 

1 | 54 81 | 67 

2 88 54 48 

3 | 59 44 | 82 

4 40 71 | 55 

5 | 48 57 | 79 

6 | 57 41 | BA 

7 | 55 58 96 

8 | 56 32 50 

9 | 63 32 71 

10 102 138 71 

sia | 53 71 62 

12 | 62 69 | 79 

IAVOIARO™ © cso | 61 62 68 





The standard deviation of a single determination is +16 per cent. 


analysis of bone ash for boron was determined from twenty-five analyses 
on five different samples and was found to be +7 per cent. The standard 
deviation of the calcium content was determined to be +9 per cent. 
There was no significant difference in boron content between the parietal, 
vertebra, rib, and femur samples. 

No lithium was detected in any of the bone ash samples. The lower 
limit for the detection of lithium by the present method was 11 p.p.m. 


DISCUSSION 


Boron has been recognized as an essential element for plants (6), and 
several spectrographic methods for its determination in foods and animal 
tissues have been published (7, 8). Interest in the element has been 
stimulated further because of the one time wide-spread use of boric acid 
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as a food adulterant and milk preservative. Boron has been reported to} 
occur in fresh fruit to the extent of 5 to 15 p.p.m., while even smaller} 
amounts are found in dairy products, sugar, and meat (9, 10). Although | 
93 to 94 per cent of boric acid ingested in a meal is excreted in the urine} 
within a week (11), it appears likely that continued ingestion of traces of | 
boron in the diet would lead to the accumulation of detectable quantities, 

Traces of boron have been detected in tissues from a great variety of ani- 
mals (12-14), including human spinal fluid (15), but few quantitative data | 
are available. 


TaBie [V* 
Energies Released by Thermal Neutron Capture by N, B, and Li in Human Bone 








| E; t 
018 | ph, 
sq. cm. NX1 no 





| m.e.v. X 10% 
N¥(n, p)C4 | 0.605 1.66 | 33,000 2270 2.28 
Bn, @)Lit | 2.78 7 6hC<“‘LSCi‘(<té‘ rk SS 1.54 | 3.07 | 
Li(n, JH | 4.66 66 | <3.1 | <0.44 | <0.13 


Reaction | Q vo X 10% M | 
} 
| 
| 








*Q = the total kinetic energy imparted to the reaction products by each neutron | 
capture, obtained by converting the difference in atomic mass units between reac- 
tants and products into energy units. og = the capture cross-section of the natural 
element for 0.025 e.v. neutrons. M = the gm. of target atoms of natural element 
per gm. of fresh bone. N = the number of target nuclei per cc. = (1) (density 
of fresh bone) (6.03 X 1073) + (gm. atomic weight of natural element). For the 
present calculations, the fresh bone was assumed to have a density of 1.6 gm. per 
cc. HE; = the total kinetic energy made available for producing ionizations by nu- 
clear reactions of M gm. of the element in a flux of no (neutrons per second per sq. 
em.). Ey = (Q)(ca)(N)(no). The nitrogen content of fresh bone was taken to be | 
3.3 per cent (18, 19). The M value for boron or lithium was obtained by dividing 
the concentration for ashed bone, 61 y and <11 y, respectively, by 3.5 on the assump- 
tion that undried fresh bone contains about 29 per cent ash (18). 


In order to view the effects of neutron irradiation of bone boron in 
proper perspective, it is helpful to consider the distribution of absorbed 
energy within the bone tissue. Zirkle has stated that the overwhelming 
portion of the acute lethal action of slow neutrons on mice is due to radia- 
tions arising at the time of exposure and that contributions to the lethal 
dosage arising from continued activity of the radioisotopes produced by 
the neutrons are negligible (16). In regard to the latter factor, Na™ and 
P® have been reported as the most dangerous radioisotopes surviving 
after the bombardment of biological tissue with neutrons (17). Zirkle con- 
cluded that for mice, subjected to whole body irradiation by slow neu- 
trons, 18 per cent of the acute lethal effect was due to y-rays from the 
reaction H'(n, y)H?; about 80 per cent was due to the reaction N“(n, p)C™ 
and the remaining 2 per cent could be attributed to induced radioactivity. 


In 
res 
the 
tot 
fro 
th 
c01 
en 
IV 


of 


ni 


e = 2D 


| 


XU 


rted to | 
smaller | 
though | 
e urine | 
aces of | 
ntities, 

of ani- | 


' 
t 


re data | 


Bone 


te 
x 10% | 
2% 4 
3.07 | 
0.13 


1eutron | 
n reac- 
natural 
‘lement 
density 
‘or the 
rm. per 
by nu- 
per sq. 
1 to be | 
ividing 
ssump- 


ron in 
sorbed 
»Iming 
radia- 
lethal 
ed by 
24 and 
viving 
le con- 
y neu- 
m the 
p)C# 
tivity. 


XUM 


ALEXANDER, NUSBAUM, AND MACDONALD 495 


In other words, more than three-quarters of the acute lethal action was a 
result of neutron capture by nitrogen atoms in the animal body. Since 
the damage done to tissue can be considered directly proportional to the 
total energy released, it is possible to estimate the tissue damage resulting 
from neutron capture by any element, e.g. boron or lithium, by comparing 
the total kinetic energy so liberated with the total kinetic energy con- 
comitantly liberated by the capture of neutrons by the nitrogen also pres- 
ent in that tissue. The results of such comparisons are presented in Table 
IV. Energies are expressed in million electron volts. 

The exact site of the boron in the bone is unknown and the proximity 
of the boron and nitrogen to the vulnerable marrow cannot be stated defi- 
nitely. Therefore it is not feasible to attempt any computation of the 
actual damage to marrow due to a-particles from the boron and that due 
to protons from the nitrogen. Nor is any accounting made of the relative 
efficiencies for cell damage of the respective recoil particles, Li’ and C". 
However, from the values in the last column of Table IV, it appears that 
the amount of boron normally present is responsible for a large fraction 
of the total production of slow neutron-induced ionizations within the 
bone; namely, about 1.35 times that attributable to the nitrogen content. 

It is of interest to note that attempts have been made to increase the 
efficacy of tumor therapy with neutrons by injecting boron and lithium 
salts into the neoplasm prior to the irradiation (20, 21). 


SUMMARY 


Spectrographic analyses for boron and lithium were made on 116 ashed 
samples of bone from thirty-three human individuals. The values found 
for boron ranged from 16 to 138 p.p.m., by weight, with a mean of 61 and 
a standard error of +1.7 p.p.m. No lithium was found in any of the 
specimens, although 11 p.p.m. of lithium could be detected by the 
technique. 

Computations of the kinetic energy which would be liberated within 
bone tissue upon exposure to thermal neutrons were made. Though 
normally present in small quantity, by virtue of its large capture cross- 
section boron would contribute significantly to the total amount of ionizing 
radiation generated by neutron capture processes. The magnitude of this 
quantity of energy would be about 1.3 times that arising from the capture 
of neutrons by the nitrogen present in the bone. 

Although lithium also possesses a large capture cross-section, the 
amounts present in normal bone would give rise to less than 6 per cent of 
the energy attributable to the nitrogen content. 


The authors are indebted to Dr. R. M. Hodges for his assistance in ob- 
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taining the specimens, to Florita Ezmirlian, Patricia Spain, and Clare 
McArthur for preparing the samples, and to Dr. B. Cassen and Dr. M. A. 
Greenfield for their helpful discussions. 
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THE MECHANISM OF THE TRYPTOPHANASE REACTION 
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Recent reviews of the tryptophanase reaction (1, 2) have described in 

+ | detail the dismutation of the tryptophan molecule to pyruvate and indole 
in the presence of pyridoxal phosphate, and indicated that other coen- 

37), ) Zymes are not involved in the fundamental reaction. The employment of 
7), metabolite analogues has frequently led to data of considerable value in 
elucidating the intimate nature of metabolic transformations (3). Previ- 
tr., | ous studies by Baker and Happold (4) have shown that, in order for tryp- 
tophan analogues to be enzymatically degraded to indole, there must be a 
free COOH group, an unsubstituted amino group, a §-carbon atom ca- 





ica, | pable of oxidative attack, and an unsubstituted indole nitrogen atom (5). 

Interest in the metabolism of similar substances has recently led to the 
37); | discovery that 5-methyltryptophan is capable of being broken down by 
36). tryptophanase, and that an unsubstituted benzene ring is therefore not a 


viet | Structural requisite (6). A further study of certain unique features of 
| this reaction has now led to the conclusion that the tryptophanase re- 

ion, | action is autocatalytic in nature, both indole and pyruvate being essential 
mediators in the breakdown of tryptophan. The function of indole as a 


46). ) coenzyme or part of a coenzyme is thus indicated. 


Zo. 
EXPERIMENTAL 


The 5-methyliryptophan and 5-methylindole used in this work were syn- 
thesized by the methods of Robson (7) and Jackman and Archer (8). 

The strain of Escherichia coli used was that described in earlier reports 
from these laboratories (9). Cells taken from the logarithmic growth 
phase were twice washed in physiological saline solution, and about 10 
million cells were then suspended in 5 ml. of a mineral salts medium lack- 
ing glucose, as previously described (9). Maintenance of the bacterial 
concentration at this approximate level is essential for the experiments 
described. The materials to be tested were added, and the volume of 
each tube was brought to 10 ml. with water. The tubes were then in- 
cubated for 16 hours at 37°, and indole determined by the method de- 
scribed by Fildes (10). Since 5-methylindole behaves similarly to indole, 
all the results are reported in terms of this latter substance. 

For experiments employing the Thunberg technique, cells of EH. coli 
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were grown on agar plates. The mineral salts medium (9) used was sup. 
plemented with 50 mg. of pi-tryptophan, 2 gm. of glucose, and 2 gm. of 
agar. The cells were scraped from the plates after 48 hours incubation 
at 37°, washed twice in saline, and diluted with saline to a concentration 
of 10 mg. of cells (dry weight) per ml. 0.5 ml. of this cell suspension was 
placed in the side arm of the Thunberg tube. 0.5 ml. of a 0.025 per cent 
solution of methylene blue was added to each tube along with 2 ml. of 
mineral salts solution and the desired substrate, and the volumes in each 
tube were made up to 5 ml. The tubes were then evacuated, their con. 
tents mixed, and continuous readings made of the color change in a Klett: 
Summerson photoelectric colorimeter with a 660 my filter. 





Results 


Tests were performed to determine whether or not 5-methyltryptophan| 


inhibits the conversion of tryptophan to indole, and it was found that, 
under most conditions, more indole was formed than could be accounted 
for on the basis of the tryptophan present. Thus in the presence of 3 y of 
pL-tryptophan and 1000 y of 5-methyltryptophan, the bacteria apparently 
produced 45 y of indole; so that it is evident that the analogue is cleaved 
to form 5-methylindole.!. Typical results are shown in Fig. 1. It will be 
noted from this diagram that levels of 5-methyltryptophan exceeding 1 
mg. per 10 ml. of medium do, however, inhibit the tryptophanase reaction. 
The fact that the inhibition is gradually reversed by tryptophan indicates 
that it is not due to the indole produced, as in the case described by Fildes 
and Rydon (11). The outstanding point shown by the data, however, is 
the fact that, unless some small quantities of tryptophan are present, 
absolutely no decomposition of the analogue occurs. 

Attempts were made to ascertain the specificity of tryptophan in cata- 
lyzing the decomposition of the analogue by adding to a series of tubes, 
containing 1 mg. of the analogue per 10 ml. of medium, 1 mg. of each of 
the known amino acids and 100 y of each of the known B vitamins, pu- 
rines, and pyrimidines. Of these only tryptophan had any appreciable 
effect. In addition, indole, skatole, acetyltryptophan, 5-methylindole, 
kynurenine sulfate, tryptamine, indoleacetic acid, indolepropionic acid, 
indoleacrylic acid, anthranilic acid, indolealdehyde, and gramine in 10° 
M amounts were tested. Of these, only indole was active, but its effect 
was comparable with that of tryptophan. The data in Table I suggest 

1 Incubation of 10 mg. of 5-methyltryptophan with 5 y of indole, extraction of the 
incubation mixture with benzene, evaporation of the benzene extract, and sublima- 
tion of the residue yielded a white crystalline material which melted at 59° (reported 
melting point for 5-methylindole, 60°; for indole, 52°). 
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that tryptophan is about as active as the indole produced by its decom- 
position, and that less than 1 vy of indole is adequate to catalyze the re- 
action. 

A further study of numerous metabolic intermediates led to the dis- 
covery that pyruvate was apparently capable of catalyzing to a very limited 
extent the breakdown of 5-methyltryptophan, and that a number of other 
substances which readily yield pyruvate had some slight effect in this 
regard. Thus 1 mg. of sodium pyruvate apparently causes the formation 
of 3 to 5 y of 5-methylindole from 1 mg. of 5-methyltryptophan in 16 hours 
at 37°, whereas 1 mg. of pL-serine, DL-alanine, lactate, oxalacetate, or keto- 
glutarate causes the formation of about 1 y of 5-methylindole under the 
same conditions. It has been found possible to follow the effects of indole 
and pyruvate by using the Thunberg technique, as shown in Fig. 2. A 
very limited breakdown of 5-methyltryptophan occurs in the absence of 
indole, owing apparently to the existence of intracellular supplies of indole 
in the bacteria. Indole in the concentration used without pyruvate slows 
down the reaction somewhat, as reported by Fildes and Rydon (11), and 
pyruvate has a marked stimulatory effect. Essentially identical reaction 
rates were found for tryptophan and for 5-methyltryptophan in the pres- 
ence of indole alone. A similar result was also obtained for the two amino 
acids in the presence of indole and pyruvate, and in this instance the rate 
was almost identical with that for tryptophan plus pyruvate. Independ- 
ent measurements of the rate of indole formation substantiate these re- 
sults. 

It is apparent from Fig. 2 that the effect of pyruvate is one of acceler- 
ating the breakdown of 5-methyltryptophan and that its apparent effect of 
producing small amounts of 5-methylindole is achieved by accelerating 
the reaction permitted by the small intracellular amounts of indole, pro- 
ducing measurable amounts of 5-methylindole during the time of the test. 
It is also apparent that pyruvate accelerates the decomposition of tryp- 
tophan. 

When cells were incubated at 37° for 16 hours and the appropriate sub- 
strate and indole tests were performed, it was found that under the test 
conditions described tryptophan itself was not measurably decomposed 
into indole unless present in concentrations of 0.1 mg. per ml. of medium 
or more. However, a large number of substances were apparently able 
to stimulate the decomposition of smaller amounts of tryptophan and to 
cause increased yields of indole from the larger quantities, owing to their 
acceleration of the reaction. These substances fall naturally into three 
categories. The most effective group, its members causing the formation 
of large amounts of indole and the decomposition of smaller amounts of 
tryptophan, consists of pyruvate and those substances generally believed 
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sill to be readily converted to pyruvate (serine, alanine, lactic acid, and glu- 
he re. cose). The second group, its members having the same type of effect 

but to a much less degree, consists of the balance of the amino acids ex- 
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Fic. 2. Effects of indole and pyruvate on the decomposition of pL-tryptophan 
» sub- and 5-methyl-pL-tryptophan, as measured by the Thunberg technique, and followed 
e test in the photoelectric colorimeter. 10? mm of tryptophan (7’) or 5-methyltryptophan 
(MT); 5 X 10-2 mm lithium pyruvate (P); 10~¢ mM indole (J). 
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dium | lusive of glycine. The substances in the last group, composed of vita- 
y able mins, purines, pyrimidines, glycine, and acetate, have only a slight effect 
nd to on the higher tryptophan concentrations and are little better in this re- 
) their gard than tryptophan alone. The most effective group is active in con- 
three centrations as small as 10 y per 10 ml., while the second group requires 
10100 concentrations of 100 y to be effective, and the third group has little effect 
: at all with less than 1 mg. 
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DISCUSSION 


Previous studies have shown that a number of separate steps are in- 
volved in the tryptophanase reaction, and that exact experimental con- 
ditions may qualitatively influence the nature of the results. Thus when 
a massive amount of a cell or enzyme preparation is employed with a high 
substrate concentration for a relatively short period of time, undefined 
factors in the preparation may well obscure the fact that a catalyst is re- 
quired, especially when the catalyst is a product of the reaction. The 
bacterial cell mass used in the experiments described here is small in com- 
parison with that employed in the studies to date in which purified tryp- 
tophanase preparations were used, and it seems quite likely that very 
minute amounts of indole may have been present in the purified enzyme 
preparations. The most minute traces would obviously be able to initiate 
the reaction, and thus produce still more indole for catalytic purposes. It 
would be quite difficult to interpret the data in Table I in any other way 
than that the reaction is indole-catalyzed. While the use of an analogue 
as a substrate may possibly involve a different reaction mechanism than 
is usual, it seems unlikely in this instance and probable, therefore, if not 
proved, that the breakdown of tryptophan itself requires catalytic amounts 
of indole. 

The observation that high levels of the analogue, in this case acting as 
the substrate, inhibit indole formation and are reversed by increasing 
levels of tryptophan might be interpreted as a competition of the two | 
substances for the tryptophanase complex to produce the catalytically re- | 
quired indole, were it not for the fact that catalytic quantities of indole do | 
not abolish the effect completely. Fig. 2 shows clearly that pyruvate is 
the limiting product of the blocked reaction, driving the reaction to com- 
pletion and preventing the inhibition observed in its absence. Thus both 
indole and pyruvate, products of the reaction, are essential for the reaction, 
giving it a double autocatalytic nature. 

Fig. 2 shows that pyruvate has a marked stimulatory effect on tryp- 
tophan decomposition, and this may be sufficient to explain the pyruvate 
effect previously observed on 5-methyltryptophan. While this does not 
unequivocally prove that it is the pyruvate which stimulates tryptophan 
decomposition, a variety of other factors makes it seem extremely probable. 

In view of our present understanding of the function of pyridoxal phos- 
phate in the labilization of the a-carbon atom of amino acids for trans- 
amination and decarboxylation (12), it would seem unlikely that vitamin 
Be might function in the tryptophanase reaction in an entirely unanalo- | 
gous manner. Since indolepyruvic acid is not an intermediate in the tryp- | 
tophanase reaction (4), it seems likely that a primary step occurs involving 
tryptophan and pyridoxal, followed by a secondary reaction involving 
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pyruvate which regenerates the coenzyme. This would not necessarily 
proceed like the transaminase-catalyzed reaction, after formation of the 
initial intermediate. This probable pyridoxal-tryptophan intermediate is 
of particular interest in view of the reported inhibitory effect (13) of ate- 
brin on the tryptophanase reaction, even when the oxidative inhibition is 
reversed with riboflavin. Structural considerations make atebrin a likely 
inhibitory structural analogue of the pyridoxal-tryptophan complex. 

Beyond this, the intermediate proposed offers an attractive suggestion 
as to why a free amino group is required for the reaction (4) and accords 
with the proposal of Dawes et al. (14) that the enzyme complex attaches to 
this portion of the tryptophan molecule. It further provides an ideal start- 
ing point for a series of legitimate chemical steps involving tautomeric 
shifts and hydration reactions which terminate in indole without the medi- 
ation of oxidation-reduction reactions other than those normally occurring 
in transamination. Such steps lead readily through a $-hydroxytryp- 
tophan derivative and a reverse aldol reaction to indole and a complex 
which would hydrolyze readily to ammonia and pyruvate. Further sup- 
port for this series of steps is provided by the extreme difficulty experi- 
enced in preparing 6-hydroxytryptophan owing to the tendency of the 
reverse aldol reaction to occur. 

Finally, if indeed it is possible to synthesize tryptophan from indole and 


| serine, a cyclic process involving indole is thus provided for the deamina- 


tion of serine to pyruvate (15). It is noteworthy, in this regard, that the 
organisms most studied for serine deaminase activity (16) are all appar- 
ently indole-positive. The significance of this observation awaits further 


| study for its verification. 





SUMMARY 


1. Evidence is presented showing that tryptophanase is capable of cata- 
lyzing the decomposition of 5-methyltryptophan to 5-methylindole, and 
that catalytic quantities of indole are required for the reaction. Since 
j-methylindole is inactive as a catalyst, it seems probable that indole 
functions as part of a coenzyme in the reaction. 

2. Pyruvate also catalyzes the tryptophanase reaction. Based on this 
and on other data from the literature, a reaction mechanism is proposed 
which explains the function of pyridoxal phosphate in the reaction. 
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ANTAGONISTS OF NUCLEIC ACID DERIVATIVES 
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(From the Wellcome Research Laboratories, Tuckahoe, New York) 


(Received for publication, March 26, 1951) 


The search for substances which can act as antagonists for the constitu- 
| ents of nucleic acids (1) led naturally to the synthesis and study of a 
large number of purines. Studies on the specificity of the purine require- 
ment of Lactobacillus casei (2) were undertaken primarily with a view to 
the selection of configurations acceptable to the microorganism as revealed 
either by the growth-promoting (2) or the inhibitory (2, 3) activity of 
various derivatives. Structural modifications of substances bearing such 
substituent groupings might be expected to lead to the discovery of new 
inhibitors in the case of growth-supporting substances, or modify the ac- 
tivity of known antagonists. 

The activity of 2,6-diaminopurine against leucemia (4) and sarcoma 180 
in tissue culture (5) lends support to the view (1) that such antagonists 
might be expected to be useful against neoplastic diseases, and diamino- 
purine was selected as being worthy of the broadest range of modification. 
However, in order to lay a base for the comparison of the effects of the 
structural modification per se, similar changes were effected in one or more 
of the following: 6-amino-, 6-hydroxy-, 2-amino-, 2-amino-6-hydroxy-, and 
2,6-dihydroxypurines. Substitution on the 7, 8, and 9 positions of the 
purine nucleus, substitution of amino groups of the aminopurines, and re- 
placement of hydroxyl by mercapto and chloro groups were among the 
structural modifications carried out. The effects of such changes on the 
activities of the substances in the L. casei system are reported here. The 
activities in other biological systems will be reported elsewhere. 


EXPERIMENTAL 
The experiments with LZ. casei were carried out as described previously 
(1). By adding supplements to the basal medium (O), the following media 
were obtained: OFA, O + 0.046 mugm. of folic acid per ml.; P, O + 10 y 
of adenine sulfate per ml.; PT, P + 1 y of thymine per ml.; PFA, P + 0.046 
mugm. of folic acid per ml. Other supplements are indicated in Tables I 
505 
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to III. The cultures were incubated 68 hours at 37°. The growth was} 


substa 
measured by titration of the lactic acid produced. : contai 
All the compounds reported here were synthesized in these laboratories! sdenir 
The synthesis of those compounds not previously recorded will be described group 
elsewhere (6). compc 
—" | purine 

, are le 

The effects of 100 purines on the growth of L. casez in four folic acid-| Ip 
containing media and one thymine-containing medium (PT) are given in poxar 
Table I. All the purines in Table I have also been studied in a medium | produ 


containing 1 y of thymine per ml. but no adenine (OT) (1, 2) to determine! {9 68 
whether any of these compounds can serve as adenine substitutes for L.| ¢9 g 
caset. Since only two of these compounds showed growth-promoting ac-| gtitut 
tivity in such a medium, the data have not been included in Table I. prese 
As previously reported (2), 6-methylaminopurine is less than one-tenth | 0.575 
as stimulatory as adenine; 6-ethylaminopurine (Compound 77) has a still by a 
lower activity, a concentration of 1 mg. per 10 ml. resulting in a production (Con 
of 1.8 ml. of 0.1 N acid per 10 ml. 


this | 

When the amino group of a purine, e.g. guanine, adenine, 2-aminopurine, Al 
and 2,6-diaminopurine, is replaced by an alkylamino, dialkylamino, or grow 
arylamino group, the result is generally a decrease or complete elimination | poxa 
of activity. This had been seen previously in the lower growth-promoting | amit 
activity of 6-methylaminopurine as compared with adenine (2), and this grow 
observation is now extended to include Compounds 77, 78, and 79. That | gme 
this type of substitution likewise lowers the inhibitory activities of 2,6- puri 
diaminopurine and 2-aminopurine is seen in Compounds 25 to 28 and 35! met] 


to 39. However, with such complex inhibitors as 2 ,6-diamino-8-p-chloro- | jphil 
phenylpurine, which is two structural changes removed from any of the 


mor 
natural purines, the alkylation of the 6-amino group appears to change the | Tab 
activity very little (Compounds 29 to 32). nine 

The introduction of an 8-hydroxyl group into the molecule abolishes ord, 
the activity of the purine in most cases. Thus, uric acid (2) and 2,6- to ¢ 


diamino-8-hydroxypurine (Compound 8) have no effect on L. casei, and | wit] 
6-amino-8-hydroxypurine (Compound 58) and 6 ,8-dihydroxypurine (Com- pou 
pound 81) are essentially inactive. 8-Hydroxyguanine (Compound 42) is, | Th, 
however, an inhibitor, although not a very potent one, being inactive at a | fae 
concentration of 0.05 mg. per 10 ml. The 8-mercapto group likewise elimi- | wh; 
nates the growth-promoting activities of adenine (Compound 59) and gua- 
nine (Compound 43), which now also becomes inhibitory, but has very —— tye 
little effect on the inhibitory activity of diaminopurine (Compound 9). ger 
The 8-methylmercapto derivative of diaminopurine (Compound 10) is less _ jph 
inhibitory than the 8-mercapto derivative (Compound 9) or the parent 


gro 


in 
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- was} substance (Compound 1) in the folic acid-containing media which do not 
contain adenine (Columns 1, 2, and 3), but is a stronger inhibitor in the 
ries.| gdenine-containing medium (PFA). The effect of introducing an 8-amino 
ribed group has been studied only in the diaminopurine series. The resultant 
compound (Compound 7) is only about one-fifth as inhibitory as diamino- 
| purine (Compound 1), and the inhibitory effects of 2,6 ,8-triaminopurine 
are less readily reversed by adenine but more readily by folic acid. 
acid-| Jn those purines in which the 2 position is free, e.g. adenine and hy- 
- in poxanthine, the addition of a 2-mercapto or 2-alkylmercapto group often 
lium | produces an inhibitor of a rather low order of activity (Compounds 62, 64 
mine} to 68, 88, 97), four compounds being completely inactive (Compounds 63, 
tL.) 69, 82, 84). 2-Mercaptoadenine (Compound 62) differs from the sub- 
> 4C- stituted mercapto Compounds 64 to 67 in remaining inhibitory in the 
le I. presence of adenine (PFA), while becoming inactive in the presence of 
enth 0.575 mygm. per ml. of folic acid. When a 6-hydroxyl group is replaced 
still by a 6-mercapto group, the compound generally becomes an inhibitor 
tion | (Compounds 89 to 92, 94). Methylation of the mercapto group abolishes 
this activity (Compounds 93, 95). 
rine} Alkylation of the imidazole ring on position 7 results in a loss in the 
» OC growth-promoting activity shown by xanthine, guanine, adenine, and hy- 
tion poxanthine (2) as well as a great decrease in the inhibitory action of di- 
ting aminopurine (Compound 2). An 8-methyl group likewise eliminates the 
this growth-promoting activity of the natural purines (8-methylguanine and 
Phat 8-methylxanthine (2)) and reduces the inhibitory activity of 2 ,6-diamino- 
2,6-| purine (Compound 12). Unlike diaminopurine (Compound 1), both 7- 
1 35 methyl- and 8-methyldiaminopurine (Compounds 2 and 12) retain some 
oro- inhibitory effect in the presence of adenine (PFA medium), while being 
the more readily reversed by the addition of folic acid (2nd and 3rd columns, 
the Table I). On the other hand, 8-aryl groups produce inhibitors in the gua- 
nine series (Compounds 45 to 49), form compounds which retain a high 
shes | order of inhibitory activity in the diaminopurine series (Compounds 13 
2,6- to 22), lower the activity of 2-aminopurine (Compound 33 as compared 
and | with Compound 41), and eliminate the activities of hypoxanthine (Com- 
om- pound 88) and produce inhibitors with adenine (Compounds 60 to 61). 
) 18, | Those 8-arylpurines which are strongly inhibitory have in common the 
at @ | fact that their effects are not relieved by the addition of adenine, a property 
imi- ' which distinguishes them from the generality of purines which inhibit 
growth in the folic acid medium. Moreover, the concentration range be- 
tween non-inhibitory and completely toxic levels of the 8-arylpurines is 
9). generally very narrow. An extreme case is Compound 32, which is not 
less inhibitory at all at 0.05 mg., while 0.2 mg. per 10 ml. abolishes growth 
‘ent in all media. 
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The 8-a-furyl derivative (Compound 23) shows a degree and type of | 
activity comparable with that of the 8-methyl (Compound 12) rather than 
the 8-aryl compounds. On the other hand, Compound 24 (the diamino. | 
purine analogue of pteroic acid), an 8-substituted alkyl derivative of di- | 
aminopurine, is the only purine which is more inhibitory than diamino. | 
purine itself in the OFA medium. However, adenine is less effective in | 
restoring growth, while high levels of folic acid are more effective with this 
substance than with diaminopurine itself. 

Alkyl groups in the 9 position abolish the growth-promoting activity 
of xanthine, hypoxanthine, and adenine (Compounds 98, 99, and 100). 
However, the 9-alkyl derivatives of diaminopurine (Compounds 3 and 4) 





Tas_eE II 
Reversals of Inhibitions by Natural Purines 
































OFA medium supplemented with 
Ade- | Giant Hypo- | » : 
Control |nine, 2 uanine, fi : Xanthine, 
Compound Paiine Concen- sbi prin. |? i mil! sy per mi.|3 ¥ per ml. 
0. tration 2. aes 
Per cent change in titer 
mg. per | ~ 
10 ml. | 
1 2,6-DiNH, 1.0 —94| -—7| —85 —85 | —90 
2 2,6-DiN H2-7-CH; 0.2 —61 | —56 | —28 —22 | —28 
es 1.0 —87 | —71 —52 =—(1 | =a 
9 2,6-DiNH,-8-SH 1.0 | —88 o| -7 0 | —55 
10 2,6-DiN H2-8-SCH; 1.0 —89 | —38 | —41 —40 | —55 
45 2-N H2-60H-8-C,H; r0 —60 | —40 —50 —60 | —30 
91 2-NH.2-6,8-diSH 1.0 —60 | —10 —20 | -18 | —35 








sae nt s sansa 





are only slightly less active than the parent compound and are similar 
in the reversal studies with adenine. If the 9-substituent is an aryl group 
(Compounds 5 and 6) instead of an alkyl group, the inhibitory effect is 
decreased about 500-fold. This is in contrast with the isomeric 8-aryl- 
diaminopurines (Compounds 13 to 22). 

The substitution of chlorine for hydrogen on the purine ring (Compounds 
11, 74, 85) lowers or destroys the activity of diaminopurine, adenine, and 
hypoxanthine and produces no inhibitors of any consequence. Thus, 8- 
chloro-2 ,6-diaminopurine (Compound 11) is inhibitory only at a concen- 
tration of 1 mg. per 10 ml. It is a non-competitive antagonist of folic 
acid, since 0.575 myugm. per ml. of the latter restores growth completely. 
The 2-amino-6-chloro-8-arylpurines (Compounds 50 to 57) are only slightly 
more active than the corresponding 2-amino-6-hydroxy compounds (Com- 
pounds 45 to 49) and considerably less active than the analogous 2,6- 
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vt 
—_ 
or 


e of| diaminopurines (Compounds 13 to 22). Other chloropurines are similarly 
hhan disappointing (Compounds 75, 80, 86, 87). 
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Nol | Purine | tation — O.115 | 0.575 2.88 14.4 | 72.0 
vity | | Acid production, ml. of 0.1 N per 10 ml. 
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d 4) | 10 ml. | | | 
Control (4.2 10.4 14.4) 15.5 | 15.5 | 15.5 
2 2,6-DiNH:2-7-CHs | 0.05 | 1.8/8.0) 13.0 | 15.4 | 15.5 | 15.5 
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a | 0.025 | 0.9 | 4.8 | 12.4 | 15.4 | 15.3 | 15.4 
« | 0.125 0.80.8, 2.0) 5.3, 6.1!) 6.0 
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inds 34 2-NH.-6-CH; 0.04 | 2.8.7.8 14.2 | 15.4 15.4 15.5 
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The inhibitory effects of the purines in the medium containing thymine 

om- and adenine (PT in Table I) are rather erratic. In general, however, those 

2,6- compounds which inhibit growth in the PT medium also show this effect 
p g 
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in the PFA medium (Compounds 2, 10, 12 to 19, 21, 29 to 31, 38, 41, 45) 
to 52, 55 to 57, 62, 67, 68). 

The specific requirement for adenine, which is exhibited by L. catid 
when grown in the presence of a relatively high concentration of diamino- | 
purine (3), suggested a study of the specificity of the reversal by purines | 
of the inhibitions of other antagonists (Table II). None of the new in-| 
hibitors shows a specificity comparable to that found with diaminopurine, | 
However, xanthine is noticeably poorer than the other natural purines in | 
restoring growth in the presence of Compounds 9, 10, and 91, and hy- 
poxanthine is ineffective with Compound 45. Xanthine is more effective 
than other purines in restoring growth in the presence of Compounds 2 
and 45. No specificity was exhibited when the microor eye was grown 
in the presence of Compounds 3, 4, 7, 11, 12, 18, 14, 15, 16, 22, 24, 34, 46, 
50, 62, 70, 74, 89, 94. 

A study of the data in Table I indicated the possibility that some of the 
compounds might be competitive inhibitors of folic acid. The relationship 
between these compounds and folic acid was, therefore, investigated over 
a 25-fold range of concentration of the inhibitor wherever feasible and a 
3125-fold range of folic acid concentrations. Table III shows the data 
for ten compounds. None of the compounds is strictly competitive with 
folic acid in the sense that a given ratio of inhibitor to metabolite results 
in the same inhibition over a wide concentration range. Nevertheless, 
compounds such as 2, 4, 7, 12, and 34 tend toward a competitive relation- 


ship with folic acid, while with Compounds 9 and 10 restoration of growth | 
is never complete, regardless of the concentration of folic acid. Compounds | 


3 and 15 are intermediate between the two groups; the increment of growth 
obtained with successively higher levels of folic acid diminishes as the 
concentration of antagonist is increased. Compound 91 is a strictly non- 
competitive antagonist of folic acid. 


Several diaminopurine derivatives (Compounds 2, 3, 9, 10, 12) have | 


been investigated in the OFA medium supplemented with adenosine, gua- 
nosine, adenylic acid, and guanylic acid at concentrations ranging from 
12 to 64 y per ml. These nucleosides and nucleotides were in each case 
less effective in restoring growth than was adenine (6.7 y per ml.) (2, 3). 


DISCUSSION 


The 8-arylpurines appear to constitute a new class of inhibitors, the 
role of which cannot be clearly demonstrated by means of reversal experi- 
ments. The similarity in biological behavior between the 8-arylguanines 
and 8-aryldiaminopurines, the small effect of substitution of the amino 
groups, the steep slope of the concentration-inhibition relationship, and 
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the failure of adenine or folic acid to reverse the inhibitory effects over a 
reasonable range of concentration, appear to set this group apart. 

A number of structural modifications of various purines result in similar 
alterations of their biological activities. Thus substitution of the amino 
groups of the aminopurines, the introduction of an 8-hydroxyl or 8-chloro 
group or methylation in the imidazole nucleus all result in a considerable 
diminution in activity, whether this be growth-supporting or inhibitory. 
Such alterations in configuration may reasonably be supposed to result in 
an increased dissociation of the substrate-cell receptor complex. The 7-, 
8-, and 9-methy]-2 ,6-diaminopurines may at first sight appear exceptional 
in this respect, since they retain a high degree of inhibitory activity as 
compared with the unsubstituted diaminopurine. However, in reversal 
experiments with folic acid and various purines they resemble the generality 
of inhibitors which are active by virtue of the possession of a 2 ,4-diamino- 
pyrimidine moiety (7) rather than diaminopurine itself. 

Thus, in contrast to diaminopurine (3), 8-methyldiaminopurine is a com- 
petitive inhibitor of folic acid in the sense described by Shive (8) and the 
inhibitory effects of 7-methyldiaminopurine are reversed by folic acid over 
a considerable concentration range. Adenine and other purines fail to 
relieve the inhibitory effects of 7-methyldiaminopurine. Although growth 
is restored by the addition of a purine to a system containing 9-methyl- 
diaminopurine, any purine which is capable of supporting the growth of 
the organism is equally effective. The specific requirement for adenine, 
which is exhibited in the presence of 2 ,6-diaminopurine (3), is not shown 
in the presence of the methyldiaminopurines. The differences in the pat- 
terns of reversal experiments with these substances as compared with di- 
aminopurine itself serve to point up the rather unique position of 2,6- 
diaminopurine with respect to its effect on the mechanisms dealing with 
interchangeable use (interconversion) (3, 9) of the physiological purines. 
In no ease is there any reason to suppose that the microorganism can de- 
methylate these or any other nuclear methyl derivatives (2). 

The present observations support previous conclusions with regard to 
the complexity of folic acid-purine-inhibitor relationships (7). Competi- 
tive antagonists of folic acid may or may not (7) be influenced by the pres- 
ence of purines, and similarly competitors of the purines may be influenced 
in a variety of ways by the simultaneous presence of folic acid. Thus 
the conclusions to be drawn from an “inhibition analysis” type of experi- 
ment (8) are predetermined, to a considerable extent, by the nature of the 
particular inhibitor chosen for study. 


The authors are indebted to Professor A. R. Todd for Compounds 26 
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and 27, to Elvira A. Falco for Compounds 37, 39, and 41, and to Elizabeth 
Burgi for assistance with many of the syntheses. 


SUMMARY 





100 purines representing a variety of structural changes of the physiologi- | 
cal purine bases have been: tested for their effects on the growth of Lacto- | 


bacillus casei in a variety of media. 

Certain structural changes such as the introduction of an 8-hydroxy] or 
8-chloro group and methylation of the imidazole nucleus and alkylation of 
the amino groups of the aminopurines result in a diminution of the growth- 
promoting or inhibitory activity of the parent compound. The result of 


such an alteration in configuration may be an increase in the dissociation 


of cell receptor-substrate complex. 

The replacement of the hydroxyl group of guanine and hypoxanthine by 
the mercapto group results in inhibitory substances, the effects of which 
are reversed by purines. 

The 8-arylpurines, although moderate to strong inhibitors, do not clearly 


fall in the class of purine antagonists. This conclusion is drawn from the 


failure of adenine or folic acid to reverse their toxic effects over more than 
a very narrow range of concentration of the inhibitor, and the relatively 
negligible effect of the nature of the substituents of the pyrimidine moiety 
on their activities. 

The failure of L. casei to demethylate nuclear-methylated purine deriva- 
tives may be inferred by consistent differences in the biological activities 
of such derivatives from those of the parent substances. 
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CARBOHYDRATE METABOLISM IN HIGHER PLANTS 
IV. OBSERVATIONS ON TRIOSE PHOSPHATE DEHYDROGENASE* 


By 8. TEWFIK{ anv P. K. STUMPF 


(From the Division of Plant Biochemistry, University of California, Berkeley, 
California) 


(Received for publication, April 3, 1951) 


Recent observations from this laboratory (1-3) have indicated that in 
pea seeds fructose diphosphate (FDP) is readily converted to acetaldehyde 
and CO, via the conventional glycolytic cycle. Because of the ubiquitous 
distribution of aldolase (2) in the plant kingdom, it was concluded that 
the glycolytic cycle or some modification of it was operative in the trans- 
formations of carbohydrates in plant tissues. 

Since the breakdown of FDP had been carefully analyzed and defined in 
pea seed (3), it was felt that similar methods applied to pea leaves would 
reveal the nature of the enzymic conversions of FDP. This paper will 
present evidence which strongly suggests that in the pea leaf, as well as 
in other plant material, part of the glycolytic cycle is not functioning in 
that triose phosphate dehydrogenase appears to be absent. 


Methods 


Preparation of Enzyme Extracts—All plants were germinated in Pyrex 
dishes and then transplanted to tanks supplied with Hoagland’s solution 
(4). The pea variety Dwarf Telephone was used throughout this investi- 
gation. Acetone powder preparations were obtained by the method de- 
scribed by Tewfik and Stumpf (2). Fresh tissue homogenates were 
prepared by freezing the tissue for 4 hours at —10°, blending the frozen 
material for 1 minute with 75 ml. of cold 0.01 per cent NaHCO; in a chilled 
Waring blendor, and then filtering the resulting suspension through cheese- 
cloth. To the filtered suspension (employed again as the suspending 
medium) was added more leaf tissue until all the tissue had been proc- 
essed. The resulting homogenate was dialyzed against 0.01 per cent 
NaHCO; for 12 hours at 4° and employed for enzymic analysis. The 
preparation designated as “lyophilisate” was obtained by lyophilizing the 
dialyzed fresh homogenate, yielding a fine green powder which could be 
stored indefinitely at — 10°. 

Reagents and Methods—Barium FDP was obtained from the Ernst Bis- 

* Supported in part by a research grant recommended by the Committee on 


Growth of the National Research Council to the American Cancer Society. 
+ Present address, Farouk I University, Alexandria, Egypt. 
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choff Company, Inc., with a stated purity of 95 per cent based on phos. | 


phate and fructose analysis. The barium salt was converted to the } 


sodium salt for all experiments. Since solutions of the sodium salt deteri- | 


orate in a few days, only freshly prepared solutions were employed. ‘The | 


sodium salt of adenosinetriphosphate (ATP) was purchased from. the | 


Rohm and Haas Company. Diphosphopyridine nucleotide (DPN) was | 


prepared by the method of LePage (5) and was estimated to be 40 per cent | 
pure by spectrophotometric analysis at the 340 mu band. We are greatly 


indebted to Professor H. O. L. Fischer for a generous gift of the dioxane | 


addition compound of pi-glyceraldehyde 1-bromide 3-phosphoric acid and 

to Professor H. A. Barker for a sample of 3-phosphoglyceric acid. 
Conventional Warburg manometric techniques were employed in meas- 

uring oxygen uptake and carbon dioxide formation. Pyruvic acid was 


estimated according to the procedure of Friedemann and Haugen (6) and 


phosphoglyceric acid by the molybdate method of Meyerhof and Schulz (7). 


Results 


Conversion of FDP to PGA by Pea Leaf Extracts—When FDP is added 
to a reaction mixture consisting of dialyzed pea seed acetone powder ex- 
tract, arsenate DPN, acetaldehyde, fluoride, and bicarbonate buffer, it is 
rapidly broken down to PGA (phosphoglyceric acid) (as measured by CQ; 
production). For example in 60 minutes pea seed extract, complete ex- 
cept for substrate, produced 54 ul. of CO. and with FDP 150 ul. When, 
however, pea leaf extracts (either fresh leaf homogenates or lyophilized 
preparations) were substituted for the pea seed system, no acid formation 
could be detected. Thus, under conditions identical to those cited above, 
pea leaf extract yielded 40 ul. of CO. without FDP and again only 40 ul. 
with FDP. 

In order to define these results more specifically, a search was made to 
determine whether or not the key enzymes involved in the conversion 
reactions of FDP to PGA were missing or were inactivated by the pre- 
parative techniques. 

If the conversion reactions involved the conventional ‘heretic reac- 
tions as described for pea seeds (3), then the enzymes aldolase, isomerase, 
and triose phosphate dehydrogenase must be present. Previous work (2) 
indicated that aldolase was present in sufficient concentrations in the 
mature leaf to exclude it as the rate-determining enzyme system. Since 
the formation of PGA in pea leaves was completely negative, it was felt 
that isomerase could also be excluded. Even if isomerase activity were 
completely absent, 50 per cent of the theoretically available triose phos- 
phate derived from FDP through the scission action of aldolase would 
still be available for triose phosphate dehydrogenase. It soon became 
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evident that direct tests for triose phosphate dehydrogenase would have 
to be devised in order to ascertain clearly its activity in the leaf system. 
The results indicate that triose phosphate dehydrogenase is apparently 
absent in the leaf preparations. 

The most direct and conclusive test for triose phosphate dehydrogenase 
is the formation of reduced DPN as measured by the formation of the 
340 mu band through the oxidation of triose phosphate by the dehydro- 
genase.| Previous work (3) with this system demonstrated that in pea 
seed extracts the triose phosphate dehydrogenase could oxidize triose phos- 
phate and form reduced DPN. The 340 mu absorption was easily abol- 
ished by the addition of acetaldehyde which, being coupled to reduced 
DPN by alcohol dehydrogenase present in the preparation, oxidized the 
reduced DPN. An exact duplication of the conditions for the pea seed 
experiments was carried out with pea leaf preparations. In no case could 
any absorption at 340 mu be observed. Since FDP was employed as the 
initial substrate, it could be argued that aldolase under these conditions 
was not functioning to supply the required triose phosphate. However, 
when puL-3-phosphoglyceraldehyde phosphate was tested directly on the 
pea leaf system again, no absorption at the 340 my band could be observed. 

Another avenue of approach was the effect of DPN on the anaerobic 
reduction of methylene blue by leaf preparations. Jt was shown earlier 
(3) that the addition of DPN greatly stimulated methylene blue reduction 
in the presence of FDP and pea seed preparations. However, the addi- 
tion of DPN to the FDP-pea leaf system had no stimulatory effect, al- 
though the addition of FDP stimulated the reduction of methylene blue 
by the enzyme system. Thus it could be concluded that either DPN is 
not involved in this system or is already present and firmly bound to the 
enzyme protein in concentration sufficient to saturate the enzyme system. 

A third approach was to study the aerobic oxidation of FDP by pea leaf 
lyophilisates. In a reaction mixture consisting of pea leaf lyophilisates, 
FDP, and phosphate buffer, 5.2 um of oxygen were utilized in 60 minutes. 
Addition of cytochrome c, Mg ion, and DPN had no effect on increasing 
the oxygen consumption in that 5.3 um were taken up in the presence of 
these cofactors. Also chemical analysis by the molybdate method for 
PGA after long incubation periods of FDP with leaf tissue with and with- 
out fluoride failed to demonstrate its formation. Further, the finding (8) 
that the addition of iodoacetie acid had no effect on the uptake of oxygen 
by pea leaf lyophilisates in the presence of FDP is in direct contradiction 
with the results from pea seed extracts and indicates the non-participation 
of triose phosphate dehydrogenase in the system. 


‘All spectrophotometric data were obtained with the Beckman spectrophotom- 
eter model DU at room temperature (24-25°). 
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The fourth line of evidence was that obtained in studying the relation. | 


ship of the conversion of FDP to PGA in the developing pea plant. If f 


the triose phosphate dehydrogenase is present in the seed and absent in | 
the mature leaf tissue, it would be of some interest to ascertain at which | 
stage in the development of the pea plant the inactivation or disappearance | 
of triose phosphate dehydrogenase takes place. 
Pea seeds were germinated in sand culture. Acetone powder from the 
whole plant was prepared every day in the same manner as discussed 
under “Methods.” The powder was extracted with 5 times its volume of | 
water for 10 minutes and centrifuged at 2000 X g for 5 minutes. The 
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Fig. 1. Variation of activity of the system — PGA during germination of the pea 


seed. See Table I for experimental conditions. The glycolytic activity is desig- 
nated by the bars in the insert. 


supernatant was dialyzed for 12 hours against 0.01 per cent thioglycolate 
solution. After dialysis an aliquot was taken out for dry weight deter- 
minations. Measurements for the conversion of FDP to PGA were 
carried out in a mixture consisting of fluoride, DPN, acetaldehyde, ar- 
senate, and bicarbonate in an atmosphere of 5 per cent CO>-95 per cent No. 
PGA formation is indicated by the CO: formation. The activity for each 
enzyme preparation obtained under identical conditions from plants vary- 
ing from 1 to 8 days in age is reported in Fig. 1. It is shown that the ac- 
tivity of the system responsible for the conversion of FDP to PGA de- 
creases gradually upon increase in age of the seedlings. On the 7th and 
8th days when the embryos were large enough to be handled, the cotyle- 
dons were separated from the rest of the seedlings, and an acetone powder 
was prepared from each part and treated in the manner described. It 
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was found that all the glycolytic activity was localized in the cotyledons, 


th while the seedlings without the cotyledons did not have any significant 
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activity. The activity of 100 mg. of dried preparation of the cotyledons 
was higher than that of 100 mg. of dried preparation of the whole seedlings, 
since the latter was diluted by the rest of the seedling other than the 
cotyledons. Since similar developmental studies (2) relating aldolase ac- 
tivity to age in the pea plant demonstrated no significant decrease in 
activity throughout the life cycle of the plant, it may be reasonable to 
conclude that triose phosphate dehydrogenase is the enzyme responsible 


TABLE I 


Formation of PGA from FDP by Young Green Pea Seeds and Their Pod Extracts, 
Measured by CO2 Production 


Each manometer vessel contained 1.0 ml. of pod or seed extract (100 mg. of lyo- 
philisate per ml. of H.O), 0.1 ml. of 0.05 m sodium arsenate, 0.4 ml. of 0.1 per cent 
DPN, 0.1 ml. of 1 m acetaldehyde, 0.3 ml. of 0.1 m sodium fluoride, 0.5 ml. of 0.05 m 
sodium bicarbonate. When mentioned, 0.3 ml. of 0.1 m FDP, 0.3 ml. of 0.1 m 
ICH,CONH2. Total volume, 3.0 ml. Atmosphere, 5 per cent CO.-95 per cent No; 
temperature, 37°. 
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for the loss in the glycolytic activity of the system with increasing age of 
the plant. 

As shown in Table I, triose phosphate dehydrogenase is probably re- 
activated or resynthesized in the developing young seed in the pea pod. 
As for the characteristics of the enzyme in the developing seed, it is in- 
hibited by iodoacetamide and requires DPN, since there is little, if any, 
formation of PGA (as measured by CO: production) if DPN is not added. 

It may be argued that the apparent absence of triose phosphate de- 
hydrogenase in pea leaves may be due to a specific inhibitor for the enzyme. 
When pea leaf lyophilisates were added to a known active system, 7.e. 
pea seed acetone powder preparations, no appreciable inhibition of CO, 
production was observed. It may also be argued that pea seeds may 
possess an unknown activator, whereas pea leaves do not. This is also 
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ruled out, since the addition of pea seed acetone powder preparations to | 
pea leaf preparations did not stimulate the production of COs; 7.e., the for-} 
mation of PGA from FDP. Moreover, this experiment shows that the | 
addition of alcohol dehydrogenase, which is present in pea seeds, to pea 

leaf preparations did not enhance PGA formation from FDP, indicating that | 
the failure to demonstrate the formation of PGA is not related to the lack | 


of reoxidation of DPN. 

Breakdown of FDP by Plant Extracts Other Than Peas—A number of | 
plants were tested to ascertain whether they possess an enzyme capable 
of converting FDP to PGA. The method followed was essentially that 
described before; 7.e., measurement of CO, production from NaHCO; by 


TABLE II 
Glycolytic System in Different Plant Tissues 
See Table I for experimental conditions. 
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the formation of PGA from FDP in the presence of the plant extract, 
DPN, arsenate, acetaldehyde, and fluoride. Acetone powder extracts from 
the seedlings, cotyledons, leaves, and pods of Lupinus succulentis, pump- 
kin seedlings, barley shoots, lyophilisates of spinach leaves, pea seedlings 
(without their cotyledons), and pea leaves did not have a system capable 
of forming PGA from FDP. On the other hand, an active system was 
demonstrated in pea seeds, pea cotyledons, and Lupinus seeds. Some of 
these results are summarized in Table II. 


Transformation of PGA to Pyruvic Acid by Pea Leaf Extracts—When | 


either pea leaf acetone powder preparations or fresh homogenates were 
incubated with 3-phosphoglyceric acid, a measurable amount of pyruvate 
could be demonstrated. Upon dialysis of acetone powder preparations 
an increase in the amount of pyruvate formed was obtained by the addition 
of adenosine monophosphate (AMP) as shown in Table III. The addition 
of fluoride completely inhibited the reaction. When cocarboxylase was 
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added to the otherwise complete system, pyruvate did not accumulate, 
since it was presumably decarboxylated to acetaldehyde and CO... Further 
proof that PGA is utilized to form pyruvate by pea leaf preparations is 
also presented in Table III, in which is shown the effect of time on the 
formation of pyruvate. Here again fluoride inhibits the system completely. 

It was therefore concluded that the transformation of PGA in the pres- 
ence of pea leaf preparations is analogous to that of pea seed and yeast. 
Further, it was demonstrated that the system responsible for the conver- 


TaB_e III 
Formation of Pyruvate from PGA by Dialyzed Pea Leaf Extract 

The reaction mixture contained 200 mg. of pea leaf acetone powder per 1.0 ml. 
of H.O, dialyzed for 2 hours, 0.3 ml. of 0.1 m phosphate buffer, pH 6.8, 0.3 ml. of 0.1 
m AMP, 0.5 ml. of 0.1 m NaF, 0.1 ml. of 0.1 per cent cocarboxylase, 0.1 ml. of 0.1 per 
cent MgSO,, when mentioned, 0.3 ml. of 0.1 m PGA, H.O to 2.5 ml. Incubation 
time, 30 minutes at 30°. Then 2.5 ml. of 10 per cent trichloroacetic acid were added 
and the mixture filtered. Analysis for pyruvate was carried out on the filtrate by 
the method of Friedemann and Haugen. The values reported represent the net 
increase of pyruvate over controls without PGA. 
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sion of PGA to pyruvic acid and then to acetaldehyde and CO, remained in 
the pea plant throughout its life cycle without any appreciable variation 
in activity, in sharp contrast to the system responsible for the conversion 
of FDP to PGA. 


SUMMARY 


Pea leaf preparations, in contrast to pea seed preparations, do not form 
phosphoglyceric acid frem fructose diphosphate. It is concluded that 
triose phosphate dehydrogenase is either inactivated or is absent in mature 
plant tissue. This result is supported by the following observations. 

1. Diphosphopyridine nucleotide does not affect the rate of methylene 
blue reduction by FDP with leaf preparations. 
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2. In the presence of either FDP or phosphoglyceraldehyde, fluoride, 
arsenate, and pea leaf preparations, no evidence for the reduction of DPN } 
to the widueed form could be detected by spectrophotometric analysi ss 
at the 340 my band. 

3. Studies of the pea plant indicate that there was a gradual ancreill 





in glycolytic activity upon increase of age of the plant from 1 to 8 days. | (i 
On the 6th day no activity could be detected in the seedling without its 
cotyledon. 
4. Increase in oxygen uptake by leaf extracts in the presence of FDP 
was not affected by additions of DPN, arsenate, or iodoacetic acid. In 
dehy 
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CARBOHYDRATE METABOLISM IN HIGHER PLANTS 
V. ENZYMIC OXIDATION OF FRUCTOSE DIPHOSPHATE* 


By S. TEWFIKt anp P. K. STUMPF 
(From the Division of Plant Biochemistry, University of California, Berkeley, 
California) . 
(Received for publication, April 3, 1951) 


In Paper IV of this series (1) it was demonstrated that triose phosphate 
dehydrogenase is probably not participating in the series of reactions in- 
volved in the breakdown of fructose diphosphate (FDP) by pea leaf prep- 
arations as well as by a number of other plants. Since there is an increase 


_ in experimentally observed oxygen uptake by pea leaf extracts in the pres- 


ence of FDP, some alternative mechanism (other than one involving triose 
phosphate dehydrogenase) must be active. This paper presents data 
partially characterizing such a system. 

Methods—Preparation of various enzyme extracts, substrates, and co- 
factors are described in Paper IV (1). Triphosphopyridine nucleotide 
(TPN) was prepared by the method of LePage (2) and was 25 per cent 
pure by spectrophotometric analysis. Flavin-adenine dinucleotide (FAD) 
was prepared by the method of Huennekens and Raho.' 


Results 


When FDP was added to undialyzed pea leaf homogenates, the rate of 
oxygen uptake was appreciably increased, remaining approximately twice 
as great as that of the control for the duration of the experiment. Boiled 
leaf homogenates were completely inactive. These observations led to a 
series of experiments to establish the requirements for the aerobic oxida- 
tion of FDP by pea leaves. 

By using dialyzed leaf lyophilisates and by adding different cofactors 
to both the controls and the reaction mixtures with FDP as the substrate, 
it was observed that only adenosinetriphosphate (ATP), ascorbic acid, 
and FAD had an appreciable stimulating effect on the rate of oxygen up- 
take. Fig. 1 shows O2 uptake as a function of time with the complete leaf 
system. 

Effect of ATP—Fig. 2 demonstrates the effect of varying the concen- 
tration of ATP on the oxidation of FDP by pea leaf lyophilisate as meas- 

*Supported in part by a research grant recommended by the Committee on 
Growth of the National Research Council to the American Cancer Society. 

+ Present address, Farouk I University, Alexandria, Egypt. 

‘ Huennekens, F., personal communication. 
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ured by oxygen uptake. Oxygen uptake increased with the concentration 
of ATP to about 10 uM per reaction mixture; further increases in ATP 


concentration above the 10 uM level had no additional effect. The sub- ) 


stitution of adenosine monophosphate for ATP did not activate the sys- 
tem. The requirement of ATP in relatively high concentrations indicates 
the possibility that a phosphorylation step occurs in the system. 

Effect of Ascorbic Acid—That ascorbic acid may participate as a hy- 
drogen carrier during the oxidation of FDP by plants was first indicated 
by James (3). During the present work this phenomenon was reinvesti- 
gated. As shown in Fig. 3, increasing the concentration of ascorbic acid | 
enhanced the uptake of oxygen by pea leaf lyophilisates in the presence of | 
FDP.2 This observation suggests that here may exist some relationship 
between the breakdown of FDP and ascorbic acid in pea leaves. Yet the 
maximum activation of oxygen uptake due to the breakdown of FDP! 
occurs at the relatively high level of 10 um of ascorbic acid. This high 
requirement for ascorbic acid may signify that ascorbic acid under these 
conditions does not react as a simple catalytic hydrogen carrier with 
ascorbic acid oxidase as the terminal oxidase. Since cyanide does not 
inhibit the pea leaf system (see below), it is doubtful whether ascorbic 
acid oxidase participates in this system. 

Effect of FAD—Fig. 4 shows that by increasing the concentration of 
FAD the oxidation of FDP by pea leaf extracts is greatly increased as 
measured by oxygen uptake. The maximum increase in oxygen uptake 
was achieved when 0.2 ml. of 0.1 per cent solution of FAD (or about 200 
y of a 5 per cent pure FAD) preparation was added to the reaction 
mixture. 

Other Cofactors—In the presence of the pea leaf system, ATP, ascorbic 
acid, and FAD, the addition of glutathione, folic acid, pyridoxal phos- | 
phate, coenzyme A, DPN, TPN, with and without acetaldehyde, and 
cytochrome c had no effect on the rate of oxidation of FDP. Further- 
more, although the addition of either arsenate, borate, zinc, or ferrous 
ions increased the uptake of oxygen in the FDP-pea leaf system, similar 
effects were observed in controls without substrate. Thus, though these 
ions may affect the gross respiration of plants (4), it would appear that 
they have no effect on the breakdown of FDP in pea leaf extracts. Fi- 
nally, pyruvic acid and citric acid (as a member of the Krebs cycle inter- 
mediates) did not accelerate the system. 

Optimum pH and Buffers—The effect of pH on the uptake of oxygen by 
pea leaf lyophilisates in the presence of FDP was studied. The maxi- 
mum oxygen uptake was at pH 6.8, with sharp decreases in activity above 





2 All results reported have been corrected for endogenous respiration of leaf 
enzyme preparations. In this case ascorbic acid controls were also run simultane- 
ously with FDP. 
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Fig. 1. Oxidation of FDP as a function of time. Each manometer vessel con- 
tained 50 mg. of dialyzed pea leaf lyophilisates, 0.1 ml. of 0.1 M ascorbate, 0.1 ml. of 
0.1 per cent FAD, 0.3 ml. of 0.2 m phosphate buffer at pH 6.8, 0.3 ml. of 0.1 m FDP, 
0.1 ml. of 0.1 m ATP, and 0.2 ml. of 20 per cent KOH in the center well. Total vol- 
ume, 3.0 ml.; temperature, 37°. 

Fic. 2. The effect of ATP on the oxidation of FDP by pea leaf lyophilisates. See 
Fig. 1 for experimental details. Time, 2 hours. .The values reported are corrected 
for oxygen uptake by controls without FDP. 
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Fig. 3. The effect of ascorbic acid on the oxidation of FDP by pea leaf 
lyophilisates. See Figs. 1 and 2 for experimental details. 

Fig. 4. The effect of FAD on the oxidation of FDP by pea leaf lyophilisates. See 
Figs. 1 and 2 for experimental details. 


and below this pH value. Since the complete system undoubtedly con- 
sists of several enzymes with different pH optima, this pH value may only 
be the optimum for the enzyme catalyzing the rate-controlling step. 

The effect of phosphate, maleate, and bicarbonate buffers at pH 6.8 on 
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oxygen uptake during the breakdown of FDP by pea leaf lyophilisates 


was also analyzed. In the complete system, oxygen uptake in bicarbonate 


buffer (final concentration 0.01 mM) was 240 ul. per 2 hours, while with 
phosphate it was 145 ul. and with maleate 126 ul. Although phosphate 
does not appear to be required, this observation does not rule out a phos. 
phorylation mechanism. Because of the relatively high concentrations of 
FAD and ATP required in the complete system, inorganic phosphate 
could readily be split off by phosphatase action and reincorporated into 
organic phosphate. However, preliminary experiments with P* indicate 
no rapid incorporation of inorganic phosphate into bound phosphate. 
Effect of Inhibitors—The oxidation of FDP by pea leaf lyophilisates was 
TaBLe I 


Effects of Iodoacetamide, Fluoride, and Cyanide on Oxidation of FDP by Pea Leaf 
Extracts 

Each manometer vessel contained 50 mg. of dialyzed pea leaf lyophilisates, 0.1 

ml. of 0.2 m ascorbate, 0.1 ml. of 0.1 m ATP, 0.5 ml. of 0.1 per cent FAD, 0.4 ml. of 

20 per cent KOH in the center well, and 0.3 ml. of 0.1 m FDP, 0.4 ml. of 0.1 m Naf, 

NaCN, or ICH,CONH2, and 0.1 ml. of 0.005 m CuSO, when mentioned. Total 

volume, 3.0 ml.; temperature, 37°. Incubation period 2 hours. The values reported 











were corrected for oxygen uptake by controls without FDP. 
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completely inhibited by copper ion (Table I). Furthermore, as indicated, 
iodoacetamide, fluoride, and cyanide did not inhibit the oxidation reaction. 


If the oxidation of FDP were a function of the triose phosphate dehydro-| | 


genase system, iodoacetamide should inhibit the reaction. On the con- 
trary, iodoacetamide appeared rather to have a stimulating effect. Fluoride} 
also did not inhibit the system, indicating that enolase, which is known to 
be present (1), is not involved in the oxidation of FDP. 

In the presence of cyanide, oxygen uptake is somewhat more than twice 
that in the system without cyanide. Since no inhibition occurred with 
cyanide, it can be concluded that ascorbic acid oxidase does not partici- 
pate as a terminal oxidase in this reaction. The increased oxygen uptake | 
with cyanide may be explained as follows: Catalase is inhibited by either 
cyanide or azide. In a system in which oxygen is the ultimate H acceptor, 
the following reaction may take place especially when flavoproteins are 
involved. 
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Flavin-2H + QO, <8 H202 + flavin (1) 


a0, 2 as oe (2) 


By adding reactions (1) and (2), 
Flavin-2H + 402 — H.O + flavin (3) 


Thus when catalase is inhibited by cyanide, twice the amount of oxygen 
is utilized since reaction (1) rather than reaction (3) occurs. 

Confirmatory evidence for the presence of catalase in pea leaf lyophili- 
sates was obtained by qualitative experiments. When 50 mg. of pea leaf 
lyophilisates were suspended in 1 ml. of buffer at pH 6.8, the addition of 
adrop of 30 per cent H,O2 produced vigorous foaming, indicating decom- 
positon of H2O2. When the extract was heated for 5 minutes at 100°, 


Taste II 
Oxidation of Substrates Other Than FDP by Pea Leaf Lyophilisates 
See Table I for experimental details. 
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this reaction was not observed. Further, when cyanide was added to the 
unboiled extract in a concentration similar to that used in the inhibition 
studies reported above, no foaming was detected on the addition of H2Os. 
Hence, these qualitative experiments support the conclusions represented 
in reactions (1), (2), and (8). 

Oxidation of Substrates Other Than FDP—Pea leaf lyophilisates are 
capable of oxidizing a number of substrates other than FDP in the pres- 
ence of ATP, FAD, and ascorbie acid. As shown in Table II, lactate is 
oxidized at a high rate, with glycolic oxidase as the probable catalyst (5). 
Phosphoglycerate, formate, xylose-1-phosphate, and fructose-6-phosphate 
are oxidized at comparatively low rates. Pyruvate, methylglyoxal, cit- 
rate, a-ketoglutarate, succinate, malate, glucose-6-phosphate, glucose, fruc- 
tose, methyl phosphate, and 3-phosphoglyceraldehyde are inert. 

Stoichiometry of FDP Oxidation—The total oxygen utilized per micro- 
mole of FDP disappearing was estimated by permitting the oxidation of 
FDP by pea leaf lyophilisates to proceed until the rate of oxygen uptake 
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with FDP approached and equaled the rate of oxygen uptake by the con- 


trol. Added FDP was measured as fructose (6) in the presence of boiled} 


lyophilisates to determine the amount present at zero time. For 11.8 
uM of FDP present initially and completely utilized (as determined chemi- 
cally) after 7 hours, 11.4 um of oxygen were consumed. Thus apparently 
4 hydrogen atoms are removed from FDP and transferred to oxygen as 
the ultimate H acceptor, probably with a flavin system coupling the sys- 
tem to atmospheric oxygen. 

When pea leaf lyophilisate was incubated with FDP, ATP, ascorbic 
acid, and FAD at pH 6.8 in the presence of fluoride for 7 hours, no measur- 
able amount of phosphoglyceric acid (PGA) could be detected by the sen- 
sitive molybdate method of Meyerhof and Schulz (7). Thus PGA is| 
probably not an intermediary product of the oxidation reaction. | 

It was consistently observed that, in the oxidation of FDP, CO: was 
not formed until 2 hours had elapsed, after which its formation kept pace 
with that of O. uptake. Since the CO: experiments were conducted in a | 
bicarbonate buffer, it is difficult to determine the source of the CO» formed. | 
Further experiments are planned to elucidate this important point. 





DISCUSSION 


The present investigation in the enzymic decomposition of FDP in 
plants suggests that the conventional glycolytic cycle is functioning in 
pea seeds as well as in other seed tissue. However, as the plant matures 
and develops, profound changes occur, one of these being the apparent 
inactivation or disappearance of triose phosphate dehydrogenase in leaf 
tissue with a simultaneous appearance of an oxidative system, quite un- | 
like the glycolytic, which oxidizes FDP via a flavoprotein. This new 
system appears to require FAD, ascorbic acid, and ATP. In sharp con- 
trast to the glycolytic system, not only is it resistant to cyanide, fluoride, 
or iodoacetamide, but it also does not require DPN, TPN, cytochrome ¢, 
cocarboxylase, or magnesium. 





Recent work by other investigators tends to support these results. God- | 
dard and Meeuse (8) have reported a similar shift of the glycolytic cycle | 
to an oxidative cycle in developing pea plants, though they did not eluci- 
date the details of this shift. Even more important are the interesting 
findings of Stepka* who studied the effects of iodoacetamide (1.5 & 10~‘ M) 
on the assimilation of C“O,. by Chlorella during photosynthesis. Quite 
unexpectedly, he observed that instead of a decrease in C“O, incorporation 
into sucrose C™ activity was increased by some 350 per cent above that | 
of the control. Furthermore, since triose phosphate dehydrogenase is 
readily affected by iodoacetamide under these conditions, the utilization 


3 Stepka, W., personal communication. 
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of PGA into hexose formation should be strongly inhibited. However, 


CJabeled PGA did not accumulate during photosynthesis, indicating 


that it or some related intermediate must be by-passing the inhibited 
triose phosphate dehydrogenase system. 


SUMMARY 


Pea leaf lyophilisates, instead of decomposing fructose diphosphate by 
the conventional glycolytic cycle, oxidize it through a series of, as yet, 
undefined reactions. These reactions require as cofactors flavin-adenine 
dinucleotide, adenosinetriphosphate, and ascorbic acid. Phosphoglyceric 
acid is not a product of the oxidation. For each mole of FDP, approxi- 
mately 1 mole of oxygen is consumed. Catalase was shown to be involved 


' in that it reacted with H,O2 which presumably is formed by the reaction 
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of a reduced FAD system with oxygen. The FDP system is not inhibited 
by fluoride, cyanide, or iodoacetamide, indicating that enolase, cytochrome 
oxidase, ascorbic acid oxidase, and triose phosphate dehydrogenase are not 
involved. 
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} OPTICAL PURITY OF AMINO ACID ENANTIOMORPHS 
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A variety of procedures has been devised for the preparation of the en- 
antiomorphic forms of amino acids by resolution.!. The choice of a given 
procedure may depend upon considerations of economy, ease of manipula- 
tion, yield, and purity of the final products. Although the first three of 
these factors have received attention, the question of optical purity of 
amino acid enantiomorphs has usually been neglected. This is surprising 
in view of the fact that highly accurate appraisal of the purity of these 
compounds has long been possible through the use of certain well known, 
optically specific enzyme systems. For example, Zeller (27) has suggested 
the use of L-amino acid oxidase preparations for the detection of L isomer 
contamination in D-amino acids. The present report is concerned with 
application of such enzyme systems to an evaluation of the purity of the 
enantiomorphic forms of several of the amino acids prepared by the resolu- 

tion methods reported from this Laboratory (9-17, 20). 

_ The effectiveness of these methods has hitherto been based on evidence 
from two sources. Firstly, manometric measurements of ninhydrin-devel- 
oped carbon dioxide during the digestion period indicate 50 per cent hy- 
drolysis of the racemic N-acylated amino acid or amino acid amide, im- 
plying that the action of the respective acylase or amidase is optically 
specific. Secondly, determinations of the specific optical rotation of the 
L- and p-amino acids finally obtained yield values for the enantiomorphs 
nearly equal in magnitude and opposite in sign, supporting the concept 
of the optical specificity of the enzyme concerned. 

We are, however, reluctant to ascribe a high order of effectiveness to 
any resolution procedure based on this type of evidence alone. The mano- 


——— 


The term ‘resolution’? denotes a procedure whereby both enantiomorphs are 
prepared in pure form from a racemate. For amino acids, two general procedures 
have been employed; namely, (a) the formation of diastereoisomeriec mixtures of 
N-acylated racemic amino acids with optically active bases, which was introduced 
by Fischer (1) (for the literature cf. (2)), and more recently (6) the use of the enzy- 
matic synthesis of N-acylated amino acids with anilides (3-8) and of enzymatic hy- 
drolysis of N-acylated amino acids (9-19), amino acid amides (20), and amino acid 
esters (21-24). The preparation of one isomer from a racemate by selective enzy- 
matic destruction of its enantiomorph has been described (25, 26). All of these 
procedures derive of course from the pioneer work of Pasteur. 
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metric measurement of ninhydrin-developed carbon dioxide in solutions al 
pure amino acids is good to 0.2 to 0.3 per cent, as pointed out by Van! 
Slyke, Dillon, MacFadyen, and Hamilton (28) (cf. also (2)). In enzymatic 
digests of acylated amino acids or amino acid amides, this error may by! 
increased to about +1 per cent. Thus, if complete hydrolysis of the 1) 
form did not occur,? or if the enzymes were not exclusively asymmetric in| 
their action and slowly attacked the p forms, the divergence from the 
theoretical 50 per cent of hydrolysis might not be noted.* In either event, 
one of the isomers examined could be contaminated by as much as | per 
cent of the other without detection. 

The customary criterion of optical purity, namely that of optical “dial 
tion, is not sufficiently sensitive to reveal this amount of contamination,| 
A simple example will suffice to show this. If the specific optical rotation 
of t-methionine for a 2.00 per cent solution in 2 N HCl is accepted as 
+23.0°, the angular rotation in a 2 dm. tube will be +0.92°. If the 1.-| 
methionine contained 1 per cent of the p form, the angular rotation would} 
be expected to be +0.90° and the specific optical rotation +22.5°. Even 
with a good polarimeter and careful observations, it would be difficult to 
accept the differences between these readings as significant. There is no! 
“theoretical value” for an optical rotation, but only one on which most 
observers agree. The area of agreement, however, may be several per cent 
wide. It is therefore difficult to determine whether the spread in values 
in the literature for the rotation of the amino acid isomers is due to individ- 
ual experimental variations or to contamination of the isomers by their 
respective enantiomorphs.’ A more sensitive procedure than that of mea- 
surement of the extent of the hydrolysis of the derivative, or of the optical 
rotation of the products, is needed to define more closely the criteria 0] 
optical purity to be expected by this, or for that matter, any resolution} 
method. 

By employing preparations of L- and p-amino acid oxidases and of bac: 
terial decarboxylases, we have been enabled to determine the level of 
possible contamination of one optical isomer by the other to less than |) 








é 


2 This may be caused by a possible reversal of hydrolysis, inhibition by products 
of the reaction, or loss of activity of the enzyme. In some cases (cf. (20)), the hy-| 
drolysis apparently proceeds to completion only in very low initial concentrations of] 
the substrate. Our current procedure is to employ initial concentrations of the 
racemates no higher than 0.1 m. 

3 Definite hydrolysis of the amides of p-proline, p-alanine, and p-leucine has beet! 
observed with preparations of mushrooms (29). 

4 This is of course true only up to a certain limit. It is possible that an amin0 
acid isomer may contain as much as 2 per cent of its enantiomorph, and its rotation 
value may still fall within the area of general acceptance for such values. Wher, 
however, the rotation value for any one isomer falls more than 5 per cent below the 
median of the range of values for this isomer, it must be viewed with suspicion. 
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part in 1000.6 All amino acids capable of being examined in this fashion, 
and which were obtained by the resolution procedures described (9-17, 20), 
were found to contain less than 0.1 per cent of the respective enantio- 
morph.® In the cases of L-alanine and L-serine, which could be readily 
investigated in larger amounts, less than 0.01 per cent of the enantiomorph 
was noted.’ It is evident that the enzymatic resolution procedure de- 
scribed yields amino acid isomers of high optical purity. It is proposed 
(a) that the readily available oxidase and decarboxylase preparations be 
routinely employed when possible to supplement optical rotation data in 
the characterization of amino acid isomers, and (b) that a standard of 
optical purity greater than 99.9 per cent for each isomer be adopted to 
define an adequate resolution of both isomers from a racemic amino acid. 


EXPERIMENTAL 


Enzyme Preparations—Cobra venom, obtained from Hynson, Westcott 
and Dunning, Inc., and rattlesnake venom from Ross Allen’s Reptile Insti- 
tute were used as sources of L-amino acid oxidase (27, 31). The latter 
material was used to test the p-aminophenylacetic acid, p-valine, D-iso- 
leucine, and p-alloisoleucine preparations, the former to test all other p 
isomers. D-Amino acid oxidase solutions were prepared by extraction of 
an acetone powder of fresh hog kidney (31). Lyophilized Clostridium 
welchit (strain SR 12) cells were employed as a source of glutamic acid 
(30, 32, 33) and aspartic acid (32, 33) decarboxylases. 

General Procedure—The conventional Warburg manometric technique 
was employed. The gas phase was air, and in certain experiments 2 ,2,4- 
trimethylpentane was used as the manometric fluid. The usual procedure 
was as follows: 1000 um of the amino acid isomer to be tested were weighed 


5 The oxidases react with L and p isomers other than those enantiomorphic with 
the amino acid studied. However, if the starting racemic amino acids are pure, no 
trouble is encountered from this source. The assumption that these enzymes are 
optically specific is supported by the data. 

§ Not all of the resolved isomers could be tested in this fashion. Neither cobra 
venom (31) nor rattlesnake venom L-amino acid oxidase, for example, was found to 
oxidize L-alanine, L-histidine, L-lysine, L-ornithine, L-serine, L-threonine, or L- 
allothreonine at suitable rates, and consequently the p forms of these amino acids 
were not studied. Hog kidney p-amino acid oxidase reacts poorly, if at all, with 
D-lysine or p-threonine. Enough of the resolved isomers could be assayed, however, 
by these means (see Table IT) adequately to test the effectiveness of the resolution 
method. It is possible that the other amino acids could be oxidized by enzymes 
from other sources. 

7 By suitably enlarging and redesigning the Warburg vessels, there is no reason 
why this procedure could not be extended to larger quantities of the more insoluble 
amino acids, and their possible contamination studied at levels of 0.01 per cent or 
less, 
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into the main compartment of the vessel and 1.5 to 2.5 ce. of buffer were 
added. The enzyme preparation (0.3 to 0.4 cc.) was placed in the side 
bulb. For the studies with p-amino acid oxidase, 0.1 m sodium pyrophos- 
phate buffer of pH 8.1 was employed. For L-amino acid oxidase, a 0.1 
potassium phosphate buffer of pH 7.4 was used, and 25 units of crystalline 
catalase were added to the main compartment. With the preparation of 
cobra venom employed, 5 mg. provided a sufficient excess to insure rapid 
oxidation; with the rattlesnake venom preparation, 15 mg: were used with 

















TasLE I 
Determination of Optical Purity of Amino Acids; Recovery Experiments with Added 
Enantiomorphs* 
: ; | “Soares Concentration | a 
Amino acid | Po = — Enzyme system or COs produced 
| D isomer | 1 isomer | (um) 
| uM BM | 
PATING occ. ce See sie (10) 0 10,000 p-Amino acid | 0 
oxidase | 
REPS ctr ortn ero Oe 1.0 | 10,000 : “ | 1.2 
BE Battech aaesty We e (10) 0 1,000 sr . 0 
Wr Deeps sci 6s 1.0} 1,000 ” a 1.1 
Phenylalanine.........| (11) | 1000 0 L-Amino acid | 0 
oxidase 
as ae ee 1000 1.0 ie i“ | 0.9 
* Serre 1000 | | * a ae 
Glutamic acid.........| (17) | 1000 | 0 | Glutamic acid | 0 
| | decarboxylase | 
“ ret neces 1000 | 10| « « | 09 
Bapemdc. °° fs.ec6nns | (10) | 1000 0 | Aspartic acid | 0 
| | | decarboxylase 
“ HO ct 1000 ia; * “ 1.3 





* The experimental details are given in the text. 
p-valine and p-isoleucine, and 30 mg. with p-aminophenylacetic acid and 
p-alloisoleucine. The procedures for glutamic acid and aspartic acid de- 
carboxylase were carried out as described (30, 32, 33). 

Each test included control vessels without substrate, and vessels to 
which 1, 2, and 10 um of the susceptible enantiomorph were added. All 
experiments were carried out in duplicate. The flasks were tipped after a 
10 to 15 minute equilibration period and read at intervals until gas evolu- 
tion or consumption was complete (15 to 120 minutes). 


Results 


The results of several representative experiments are summarized in 
Table I. The data indicate that, when 1000 uM of the isomer were used, no 
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Were ~~ evidence of contamination with its enantiomorph was obtained. Experi- 


‘ ha ments in which as little as 1 um of the susceptible isomer was added showed 
)phos- 
0.1 M TaBLeE II 


Content of Enantiomorph of Various Amino Acids Prepared by Resolution of Racemates 


alline 























ion of Concentra- Concentra- 
rapid Amino acid Source* ea. Amino acid Source* Prasat ad 
| wi morph morph 
with _ 
per cent per cent 
L-Alanine (10, 20)¢ | <0.01 | p-Phenylalanine (E)t | <0 
Added “ A 1.1 “ A 2.1 
ae B 1.3 | L-Tyrosine (11) <0.1 
ae t-Methionine (10)t <0.1 | p-Tyrosine (11) <0.1 
atoms) a A <0.1 | u-Tryptophan (11) <0.1 
on es B 5.8 | p-Tryptophan (11) <0.1 
p-Methionine (10)t <0.1 | u-Serine (10) <0.01 
oh A 2.8 | p-Glutamic acid (17) <0.1 
ee B 3.5 | p-Aspartic ‘“ (10)¥:] <011 
t-Norleucine (12)t <0.1 ae ee A <0.1 
- ns B 16.3 | u-Isoleucine (15) <0.1 
p-Norleucine (12)f <0.1 ee A§ 1.0 
Re | “6 B 12.4 | p-Isoleucine (15) <0.1 
L-Valine (10)f <0.1 < AS 0.6 
ee A 2.8 | t-Alloisoleucine (5)t | <@1 
9 p-Valine (10)f <0.1 p-Alloisoleucine (15)t | <0.1 
8 t-Norvaline (12)T <0.1 | S-Benzyl-L-cysteine (20) <0.1 
p-Norvaline (12)f <0.1 | S-Benzyl-p-cysteine (20) <0.1 
t-Leucine (10)f <0.1 | t-Ethionine l| <0.1 
9 p-Leucine (10) f <0.1 | p-Ethionine || <0.1 
et A 1.4 
t-Phenylalanine (11)f <0.1 | u-Aminophenylacetic | <0.1 
3 acid 
- A <0.1 | p-Aminophenylacetic <0.1 
acid | 








* A and B are available commercial sources. The figures in parentheses repre- 
d de- _ sent bibliographic references. 
{ Obtained also by a new and improved acylase preparation from hog kidney 

shes prepared by Dr. 8S. Birnbaum. 

1 { Obtained by the action on chloroacetyl-pL-aspartic acid of a specific aspartic 

A acid acylase from hog kidney prepared by Dr. S. Birnbaum. 

fter a § The stereochemical purity of these commercial specimens is unknown; /.e., it 
»volu- is possible that they may be mixtures of isoleucine and alloisoleucine (cf. (15)). 
|| Preparation to be published. 
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that, within experimental error, stoichiometric amounts of gas were evolved 
or used. Even in the case of the slightly soluble amino acids, e.g. tyrosine, 
good recoveries were obtained. Thus the absence of oxygen uptake or 
carbon dioxide formation in tests with 1000 um of amino acid indicates that 
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the isomer tested was contaminated with less than 0.1 per cent of its | 
enantiomorph. Although the conditions employed in the present study | 
permit detection of 0.1 per cent of the enantiomorph, greater sensitivity | 


may be achieved by using higher concentrations of the amino acid to be 
tested. Thus, in the cases of alanine and serine, it was possible to detect 
1 part of the p isomer in the presence of 10,000 parts of L isomer. This 
test indicates a maximum concentration of D-alanine and of p-serine of 
less than 0.01 per cent for the preparations of L-alanine and L-serine tested. 
L-Alanine was obtained both by the resolution of acetyl-pi-alanine (10) 
and of pui-alanine amide (20).8 

All of the amino acid optical isomers prepared by enzymatic resolution 
in this Laboratory which could be tested by these procedures were found 
to contain less than 0.1 per cent of the respective enantiomorph (Table II). 
Several amino acid preparations obtained from two commercial sources 
were subjected to test. Of the fifteen commercial samples examined, only 
three exhibited a purity equivalent to those prepared by enzymatic reso- 
lution and twelve contained between 0.6 and 16.3 per cent of the respective 
enantiomorph. 


SUMMARY 


Amino acid oxidases and decarboxylases have been employed to deter- 
mine the level of possible contamination of one optical isomer by the other 
to less than 1 part in 1000. Application of this procedure to amino acids 
prepared by the resolution methods reported from this Laboratory showed 
that the preparations uniformly contained less than 0.1 per cent of the 


8 To obtain L isomers of this purity it is necessary, among other things, to insure 
the complete absence of free pL-amino acid from the starting preparations of acylat- 
ed pi-amino acid or pL-amino acid amide. The presence of p isomer contamination 
in the L-amino acid isolated (34) can be due only to such an impurity in the starting 
material; acetyl-p-alanine is completely resistant to the action of acylase. In order 
to obtain p isomers of the purity noted, it is our practice to allow digests to stand 
for several hours beyond the time at which 50 per cent hydrolysis of the starting 
racemate is observed and to insure the complete solubility of the acyl-p-amino 
acid in acetone. 

9 These isomers were selected because it is highly probable that the Lt forms were 
obtained by some method of resolution rather than by isolation from a protein hy- 
drolysate. The estimation of contamination of L-amino acids by other L-amino 
acids, when isolation methods from a protein hydrolysate are used, constitutes a 
separate problem. No test with this degree of sensitivity is yet available to deter- 
mine the contamination of isoleucine, threonine, or hydroxyproline by their respec- 
tive allostereoisomers. The ready oxidation by p-amino acid oxidase of p-isoleucine 
and p-alloisoleucine yields enantiomorphic a-keto acids with equal and opposite 
optical rotations (15, 35). The determination of such values yields a criterion of 
the stereochemical purity of the amino acids within the limits of error of the polari- 
metric observations, which may be as much as +1 per cent. 
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enantiomorph. t1-Alanine and t-serine, which could be tested at higher 
concentrations, contained less than 0.01 per cent of the p forms. A survey 


has been made of certain commercially available optically active amino 
acids. 
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In recent years it has been found that for various microorganisms a 
number of substitution products of phenylalanine are competitively an- 
tagonistic to this amino acid. Compounds in which the phenyl group of 
phenylalanine was replaced by heterocyclic nuclei included §-2-thienyl- 
alanine (1-4), 8-3-thienylalanine (5), 8-2-furylalanine (6), and 8-2-pyrrole- 
alanine (7). A phenylalanine analogue substituted in the 6-carbon posi- 
tion, 6-hydroxyphenylalanine, was studied by Beerstecher and Shive (3), 
and ring halogenated phenylalanines and tyrosine were prepared by Mit- 
chell and Niemann (8). These investigations have lately been reviewed 
by Winzler (9) and by Dittmer (10). 

The present study deals with two hydroxy-substituted phenylalanines; 
viz., DL-o-hydroxyphenylalanine and _ vptL-2,5-dihydroxyphenylalanine. 
Their effects on bacteria able to synthesize phenylalanine or tyrosine and 
on those requiring an extraneous supply of these amino acids are reported. 


Methods and Materials 


Cultures and Media—Leuconostoc mesenteroides P-60 was carried as a 
stab culture in an enriched basal medium described by Henderson and 
Snell (11). Inocula were grown by transfer from a 24 hour-old stab culture 
to 10 ml. of liquid medium of the same composition. After 24 hours 
incubation at 37°, the cells were centrifuged, resuspended in 10 ml. of 
sterile 0.9 per cent sodium chloride, and diluted 1:10 with sterile saline. 
Each experimental culture of 2 ml. was inoculated with 1 drop of this 
dilute suspension. For assay, the amino acid medium of Henderson and 
Snell (11), without phenylalanine or tyrosine, was used. 

Parent wild type strain of Escherichia coli (ATCC 9637), E. coli phenyl- 
alanine-requiring mutant (M83-5), and LZ. coli tyrosine-requiring mutant 
(M83-9) were carried as slant cultures on minimum medium as described 
by Davis and Mingioli (12), supplemented with 0.5 per cent of casein 
enzymatic hydrolysate. For inoculum, a small amount of surface growth 
from an 8 hour culture was suspended. to barely visible turbidity in sterile 
0.9 per cent sodium chloride solution; 5 ml. of each experimental culture 
Were inoculated with 1 drop of this suspension. The Davis and Mingioli 
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(12) basal medium was used for assay. From a 20 per cent sterile solution 
prepared in distilled water, 0.1 ml. of glucose was added aseptically to each 
test-tube. 

E. coli (Shive) was carried as a slant culture on a basal medium, described 
by Shive and Macow (13), without hydrolyzed casein and supplemented 
with 1 mg. of pi-phenylalanine per 1 ml. of medium. For inoculum, a 
suspension was prepared from an 8 hour agar slant culture as described 
above. The same medium was used for assay. 

Varying quantities of pi-o-hydroxyphenylalanine, L- or pDi-phenylala- 
nine, L-tyrosine, and pL-tryptophan were added to 1 ml. (for lactic acid 
bacteria) and 2.5 ml. (for EH. coli strains) of the double strength medium 
in 18 X 150 mm. Pyrex culture tubes. The cultures were diluted with 
distilled water to 2 and 5 ml., respectively, capped, autoclaved at 15 
pounds pressure for 10 minutes, cooled, and inoculated. J. coli cultures 
were incubated at 37° for 18 hours and lactic acid bacteria cultures for 
48 hours; the latter were then diluted to 5 ml. with water and the turbidity 
was read in the Lumetron photoelectric colorimeter model 400-A with the 
650 my filter. Turbidity readings of all E. coli cultures were made with 
the Klett-Summerson photoelectric colorimeter, red filter No. 64. All ex- 
periments were carried out in duplicate. 

pL-o-Hydroxyphenylalanine—The compound was synthesized according 
to Dickinson and Marshall (14) with slight modifications. Glycine an- 
hydride was prepared according to Schott et al. (15). After the reduction 


and hydrolysis of 2,5-diketo-3 ,6-di-o-methoxybenzylidenepiperazine, the © 


filtered solution was evaporated in vacuo in a current of carbon dioxide. 
The brown solid obtained was dissolved in hot water with addition of a 
few ml. of glacial acetic acid. From this point, Neuberger’s procedure 
(16) for the preparation of pL-2 ,5-dihydroxyphenylalanine was followed. 
A 10 per cent solution of lead acetate was added until the pH was 1.8 to 
2.0. Lead iodide was filtered, the filtrate was treated with H.S and evapo- 
rated to dryness in vacuo, and the residue dissolved in a minimum amount 
of hot water. After 3 volumes of alcohol were added, pi-o-hydroxyphenyl- 


alanine crystallized, which gave positive Millon and ninhydrin color re- 
actions. 


Analysis—C,H1;,0;N. Calculated, N 7.74; found, N 7.76 


DL-2 ,5-Dihydroxyphenylalanine was obtained through the courtesy of 
Dr. J. P. Lambooy. It was added aseptically in a solution freshly pre- 
pared in distilled water filtered through a glass filter. 


Results 


Effect of pu-o-Hydroxyphenylalanine (OHPA) on L. mesenteroides—The 
organism was grown in a basal medium containing 6 y per ml. of L-phenyl- 
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alanine (yielding 50 per cent of full growth) to which varying amounts of 
OHPA up to 5 mg. per ml. were added. Growth decreased as the amounts 
of OHPA were increased; half maximum growth was reached at 1100 y per 
ml. and complete inhibition was found at 3000 y per ml. 

As shown in Fig. 1, t-phenylalanine alleviated this inhibition. The ratio 
of OHPA to L-phenylalanine which permits half maximum growth is 29:1, 
55:1, and 71:1 at increasing levels of OHPA. 

When L. mesenteroides was grown in basal medium supplemented with 
3 y per ml. of tyrosine (yielding 40 per cent of full growth), addition of 
OHPA up to 5 mg. per ml. failed to affect the growth. 
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Fig. 1. Reversal of OHPA inhibition of the growth of L. mesenteroides by u-phen- 
ylalanine. Incubated 48 hours at 37°. Curve 1, no OHPA; Curves 2, 3, and 4 ob- 
tained with 500, 1500, and 2500 7 of OHPA, respectively, per ml. 


Effect of OHPA on Wild Type E. coli and Its Phenylalanine- and Tyrosine- 
Requiring Mutants—Growth of wild type E. coli was not affected by OHPA 
in amounts up to 2 mg. per ml.!_ Unlike the parent strain, the phenylala- 
nine-requiring mutant of FH. colt is inhibited by OHPA. 

Fig. 2 shows the effect of simultaneous addition of pt-phenylalanine and 
OHPA on the growth of the phenylalanineless mutant. Here, as with L. 
mesenteroides, the inhibition is counteracted by phenylalanine. The an- 
tagonistic ratio between OHPA and pt-phenylalanine which permits half 
maximum growth is 27:1, 43:1, 64:1, and 66:1 at increasing levels of 
the inhibitor. 

Like the FZ. coli parent strain, the tyrosine-requiring mutant grown in 
various concentrations of i-tyrosine was not affected by OHPA in amounts 
up to 600 y per ml. 

1 Similar results were obtained when the organism was grown in the Shive and 
Macow medium (13). Nor was another wild type strain of E. coli ATCC 9723, grown 


under identical conditons in the Davis and Mingioli medium (12), affected by o-hy- 
droxyphenylalanine. 
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Effect of OHPA on E. coli (Shive Strain)—Beerstecher and Shive (3, 4) 
report that the EF. coli strain of Shive, which was repeatedly grown on a 
phenylalanine-containing medium, and which had been observed to grow 
as well in the absence of that amino acid, is inhibited by 6-2-thienylalanine, 
B-hydroxyphenylalanine, and by tyrosine. Therefore, it seemed of interest 














to study the response of this organism to o-hydroxyphenylalanine. 
When the organism was grown in a basal medium containing various 
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Fig. 2. Reversal of OHPA inhibition of the growth of EF. coli phenylalanine-re- 
quiring mutant by pui-phenylalanine. Incubated 18 hours at 37°. Curve 1, no 
OHPA; Curves 2, 3, 4, and 5 obtained with 100, 200, 400, and 600 y of OHPA, respec- 
tively, per ml. 


amounts of OHPA, growth was gradually inhibited with increasing con- 
centrations of OHPA, reaching half maximum in the presence of 6 y per 
ml., 90 per cent inhibition at 30 y per ml., and complete inhibition at 
300 y per ml. 

As shown in Fig. 3, full growth is restored by addition of 1 y per ml. of 
pL-phenylalanine. The antagonistic ratio between OHPA and pi-phenyl- 
alanine which permits half maximum growth is 8:1, 18:1, and 50:1 at 


2Growth was also inhibited when the organism was grown in the Davis 
and Mingioli medium (12). Somewhat higher concentrations of the antagonist were 
needed to produce inhibition, probably due to the heavier growth of the organ- 
ism in this medium. 
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increasing levels of the inhibitor. pxi-Tryptophan was one-twentieth as 
effective as phenylalanine. 

Effect of pu-2,5-Dihydroxyphenylalanine on Wild Type E. coli and Its 
Phenylalanine- and Tyrosine-Requiring Mutants—Growth of wild type E. 
coli was not affected by the presence of 2,5-dihydroxyphenylalanine up 
to 200 y per ml. But complete inhibition occurred at 600 y per ml. and 
could not be alleviated by addition of pi-phenylalanine or L-tyrosine in 
quantities up to 600 y per ml. 
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Fig. 3. Reversal of OHPA inhibition of the growth of the Shive strain of EZ. coli 


by pt-phenylalanine. Incubated 18 hours at 37°. Curve 1, no OHPA; Curves 2, 3, 
and 4 obtained with 10, 50, and 100 y of OHPA, respectively, per ml. 





Neither the phenylalanine nor the tyrosine mutants, grown in the pres- 
ence of 1 to 12 y per ml. of the respective amino acids (yielding 16 to 100 
per cent growth), showed any change of growth when 2 ,5-dihydroxyphenyl- 
alanine was added in amounts up to 100 y per ml. Complete inhibition 
was obtained at 200 y per ml.; it could not be reversed by adding pi-phenyl- 
alanine or L-tyrosine, up to | mg. per ml., to the respective mutants. 


DISCUSSION 


While 6-2-thienylalanine and 6-hydroxyphenylalanine inhibit both or- 
ganisms able to synthesize phenylalanine and those requiring preformed 
phenylalanine for growth (2-4), put-o-hydroxyphenylalanine affects only 
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the phenylalanine-requiring bacteria. Growth of tyrosine-requiring or- 
ganisms and of two wild type strains of E. coli which synthesize pheny- 
alanine was not affected by this compound in concentrations up to 2 mg 
per ml. This behavior recalls the observation of Snell (17) and Shive 
and Snell (18) that pantothenic acid antagonists are effective only for 
organisms which are unable to synthesize that metabolite. However, the 
effect reported here is even more striking, as it is demonstrated not only 
on different organisms, but also in both the parent strain and the mutants 
of the same bacterium. 

Unlike the resistant E. coli strains, Shive’s strain, which does not require 
phenylalanine for growth, resembled the phenylalanine-requiring bacteria 
in its response to o-hydroxyphenylalanine.* That cultural procedures were 
not responsible for the difference observed is supported by the finding in 
a single experiment that, both in the Davis and Mingioli (12) and in the 
Shive and Macow media (13), only the Shive strain of FZ. coli was inhibited 
by the antagonist, while the growth of the wild type strain of . coli was 
not affected. Tryptophan also antagonized the o-hydroxyphenylalanine 
inhibition of the ‘“phenylalanine-modified” E. coli strain of Shive; this 
has been observed by Beerstecher and Shive (3) for the same organism 
inhibited by 6-hydroxyphenylalanine. Since this organism is also inhibited 
by tyrosine (19), the effect of this compound as an antagonist to o-hy- 
droxyphenylalanine could not be studied. 

Unlike o-hydroxyphenylalanine, 2 ,5-dihydroxyphenylalanine was found 
to be equally toxic to wild type EL. coli and to its phenylalanine- and tyro- 
sine-requiring mutants; in no case could this inhibition be reversed by 
either phenylalanine or tyrosine. 

The data reported here are insufficient to correlate the chemical structure 
of the various hydroxylated phenylalanines with their biological activity, 
although it seems not unlikely that the toxicity of the 2,5-dihydroxy 
compound is due to its ready conversion to the corresponding quinone. 
It remains to be seen, however, what structural variations of phenylalanine 
affect its synthesis or utilization. Wild type and amino acid-requiring 
mutants of FH. coli appear to be useful test organisms for studying this 
and similar effects with other amino acid analogues. 


The authors are indebted to Dr. J. P. Lambooy for the sample of p1- 
2 ,5-dihydroxyphenylalanine, to Dr. B. D. Davis for the cultures of EF. 
coli and its phenylalanine- and tyrosine-requiring mutants, and to Dr. W. 
Shive for his strain of EL. coli. 


3 Experiments to be reported elsewhere, however, revealed that wild type Z. coli 
showed an inhibition by 6-hydroxyphenylalanine similar to that of Shive’s strain. 
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SUMMARY 


pL-o-Hydroxyphenylalanine inhibits the growth of the phenylalanine-re- 
quiring bacteria: Leuconostoc mesenteroides, Escherichia coli phenylalanine- 
requiring mutant, and a ‘“‘phenylalanine-modified” strain of EL. coli. This 
inhibition is reversed by phenylalanine; tryptophan also reverses the in- 
hibition of the “modified” strain of E. coli, but less effectively. 

Wild type E. coli, its tyrosine-requiring mutant, and L. mesenteroides, 
grown in the presence of suboptimum amounts of tyrosine, are not in- 
hibited by o-hydroxyphenylalanine. 

pL-2 ,5-Dihydroxyphenylalanine is equally toxic to E. coli and to its phe- 
nylalanine- and tyrosine-requiring mutants; the inhibition is not antago- 
nized by either phenylalanine or tyrosine. 
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THE DISTRIBUTION OF CHOLINE OXIDASE ACTIVITY IN 
RAT LIVER* 


By C. J. KENSLER ann H. LANGEMANN 


(From the Department of Pharmacology, Cornell University Medical College, 
New York, New York) 


(Received for publication, April 27, 1951) 


The distribution of a variety of enzymes in rat liver has been studied 
by differential centrifugation techniques and the data obtained have re- 
cently been reviewed by Schneider and Hogeboom (1). In the present 
study the distribution of choline oxidase activity in rat liver fractions has 
been examined. 


Methods 


Rat liver was fractionated essentially as described by Hogeboom, 
Schneider, and Pallade (2). The liver was homogenized in 0.88 m sucrose 
(1 gm. of liver to 10 ml.) in the cold and centrifuged in 25 ml. Lustroid 
tubes in a 32° angle centrifuge (Custom Scientific Instruments, Inc.) in 
a cold room kept at 5°. The homogenate was separated into nuclear, 
mitochondrial, and supernatant fractions. The nuclear fraction was pre- 
pared by centrifugation at 1200 X g for 10 minutes, the mitochondrial 
fraction by centrifugation at 20,000 X g for 25 minutes. The nuclear 
fraction was spun down and resuspended three times, the mitochondrial 
fraction one or two times. The residual supernatant fraction was not 
further fractionated, as it was found to contain very little of the total 
activity. 

Choline oxidase activity was measured manometrically (3), on aliquots 
containing, or equivalent to, 93 mg. of wet tissue. The reaction mixture 
consisted of 0.033 mM phosphate (K) buffer, pH 7.4, 0.00027 m calcium 
chloride, 0.05 m choline chloride, and 0.000016 m cytochrome c. The cyto- 
chrome c was added, as Mann, Woodward, and Quastel (4) showed that 
choline dehydrogenase is a cytochrome-linked dehydrogenase. Succinoxi- 
dase activity was measured as described by Schneider and Potter (5), 
except that aluminum chloride was omitted. 


Results 


The data obtained on the distribution of choline oxidase activity in rat 
liver in five experiments are summarized in Fig. 1. It can be seen that the 
* This study has been supported in part by a grant from the American Cancer 


Society upon recommendation of the Committee on Growth of the National Re- 
search Council. 


551 





XUM 





552 LIVER CHOLINE OXIDASE 


bulk of the activity is associated with the mitochondrial fraction. The 
recovery of choline oxidase activity in the three fractions in these experi- 
ments averaged 104 per cent. Of this activity, 78 per cent (range, 68 to 
85 per cent) was found to be in the mitochondrial fraction. The nuclear 


fraction contained only 9 per cent and the supernatant fraction only 13) 
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Fig. 1. The distribution of choline oxidase activity in fractions of rat liver cells. 
The bar graphs represent the average values; the broken lines, the range. N = 
nuclear fractions, M = mitochondrial fraction, S = supernatant fraction. 


TABLE I 
Influence of Cytochrome c on Choline Oxidase Activity in Mitochondrial Fraction 














Added cytochrome ¢ Choline oxidase activity 
M oe ii ul. Oz per gm. per hr. 
None 490 
LO <0 1090 
3.2 X 10-5 1120 








per cent of the total activity. As these fractions contained some mito- 
chondria, it appears likely that the choline oxidase activity observed is 
due to their presence. 

The addition of cytochrome c to the total homogenates had little effect 
on their choline oxidase activity; however, its addition to the mitochondrial 
fraction did increase activity. The results of an experiment of this type 
are shown in Table I. The activity was only 45 per cent of that obtained 
when cytochrome c was added. Schneider, Claude, and Hogeboom (6) 
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have reported similar findings in their study on the succinoxidase system 
in mitochondria. 

As the distribution of the succinoxidase system in rat liver has been 
studied extensively (1) and has been found to be chiefly associated with 
the mitochondrial fraction, in several experiments we measured its dis- 
tribution and nitrogen distribution in the fractions, as well as that of the 
choline oxidase. The results of an experiment of this type are shown in 
Table II. The nitrogen distribution is similar to that reported by Hoge- 
boom, Schneider, and Pallade (2) and similar to the protein distribution 
reported by Price and coworkers (7). Approximately 25 per cent of the 
total nitrogen of liver was recovered in the mitochondrial fraction. The 
succinoxidase activity per unit nitrogen of the mitochondrial fraction was 
2.5 times larger than that of the total homogenate and the choline oxidase 




















TasBLeE II 
Choline Oxidase and Succinoxidase Activity of Liver Cell Fractions 
Peaction Nitrogen Choline oxidase | Succinoxidase 
o2 Qoe 
= 2 Tos a ee mn : 
JC REER SS rear Rita Wee MMOLE wee fcr Pec fae* 29.9 58 803 
1S (70 Ca ee er ae PnP 3.7 46 419 
MItGCHOnOEIS ES o.oo cari tate ees | 7.5 180 2040 
oO) 10: 1 1 eR ee se eR EE I ete Nr | 16.6 9 211 
IRGCOVERV on 2s oon ete ae ee 94 | 97 85 





activity was 3 times larger. The activity of succinoxidase and choline 
oxidase per unit nitrogen was lower in the nuclear and supernatant frac- 
tions than in the whole homogenate. 


DISCUSSION 


The data show that the choline oxidase activity of rat liver is chiefly 
associated with the mitochondrial fraction and that its distribution is simi- 
lar to that of the succinoxidase system. The data presented in Table II, 
however, suggest that its distribution may not be identical with that of 
the succinoxidase system. If it is assumed that the 15 per cent of the 
succinoxidase activity not recovered is lost equally in all fractions, then, 
on the basis of the relative activities in the mitochondrial fraction, there 
is too much choline oxidase in the nuclear fraction and too little in the 
supernatant fraction for the amount of succinoxidase found. This sug- 
gests that the choline oxidase is relatively more concentrated in slightly 
heavier granules. Whether this is correct cannot be decided on the basis 
of our present data. However, in two situations we have found choline 
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oxidase and succinoxidase to vary independently. In the first case, in the 
livers of young rats (1 to 16 days old) the succinoxidase activity rapidly 
increased to the adult level in about 12 days, as had been observed earlier 
(8), whereas choline oxidase activity only rose to one-third of the adult 
level in this period.'!. In the second case, the administration of the hepato-| 
carcinogen 3’-methyl-N , N-dimethyl-p-aminoazobenzene was found to re. 
duce the choline oxidase activity in rat liver proportionately more than the 
succinoxidase activity. 


SUMMARY 


1. Measurement of the choline oxidase activity of rat liver fractions’ 
prepared by a centrifugation technique has shown that 78 per cent of this 
activity is associated with the mitochondrial fraction. The nuclear and 
supernatant fractions contained 9 and 13 per cent respectively. 

2. The activity of choline oxidase per mg. of nitrogen was found to be 
3 times greater in the mitochondrial fraction than in the whole homogenate. 

3. Concurrent measurement of both the choline oxidase and succinoxi- 
dase activities in these fractions has shown their distribution to be similar 
but possibly not identical. 
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THE USE OF ANTIBODY TO INHIBIT A PARTICULAR STEP 
IN A MULTIENZYME SYSTEM* 


By EDWIN G. KREBS anp ROBERT R. WRIGHT 


Wits THE TECHNICAL ASSISTANCE OF Doris E. CLEVELAND 


(From the Department of Biochemistry, University of Washington School of 
Medicine, Seattle, Washington) 


(Received for publication, April 30, 1951) 


Inhibitory antisera to various enzymes have been studied (1), but little 
use has been made of this type of inhibitor as an aid in the study of me- 
tabolic pathways. The usefulness of antisera to enzymes in this capacity 
would depend in part on the specificity of the inhibition. This paper 
describes a study in which the activity of a multienzyme system was in- 
hibited by the effect of specific antibody on one of the enzyme components. 
Glucose fermentation catalyzed by yeast juice was inhibited by antibody 
to triose phosphate! dehydrogenase. Evidence is presented that the site 
of inhibition is localized at the dehydrogenase step. A limitation to the 
applicability of antibody inhibition in intact cell systems is shown by the 
failure of antibody to this glycolytic enzyme to affect fermentation by 
living yeast cells. 


Materials and Methods 


The isolation of yeast triose phosphate dehydrogenase and the prepara- 
tion of antisera were carried out as previously described (2). The crys- 
talline enzyme, as obtained from the yeast used in the present study,? 
was not found to contain any bound DPN. Purified antibody-containing 
globulin fractions of the antisera were prepared by the method of Pressman 
(3), together with similar globulin fractions from sera of normal rabbits 
to serve as controls. Crystalline muscle triose phosphate dehydrogenase 
from rabbits was isolated by the method of Cori et al. (4). 

Yeast juice was prepared by the incubation of 25 gm. of finely ground 
air-dried bakers’ yeast with 75 ml. of 0.066 m (NH4)2HPO, for 3 hours at 
37°, followed by storage at +3° for 15 hours before centrifugation. Heated 
extract was made by heating a portion of the clear cell-free juice at 90° for 
10 minutes, followed by centrifugation to remove the coagulated proteins. 

* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. 

‘The following abbreviations are used: triose phosphate = glyceraldehyde-3- 
phosphate; ATP = adenosinetriphosphate; DPN = diphosphopyridine nucleotide; 
HDP = fructose-1,6-diphosphate. 

* The authors wish to thank Standard Brands Incorporated, Sumner, Washington, 
for the generous supplies of fresh Fleischmann’s bakers’ yeast. 
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Glucose fermentation in the cell-free system was followed by measure. 
ment of CO, production by Warburg’s manometric technique at 29°. As 
no uptake of oxygen was noted in control experiments, air was allowed to 
remain in the gas space. All components were added to the main com. 
partment of the flask with the exception of glucose, which was tipped in 
from the side arm after a 15 minute period of temperature equilibration 
in the bath. This time was sufficient for maximum antigen-antibody 
combination as indicated by the extent of inhibition. Manometer read- 
ings were converted to microliters by using cell constants corrected for 
CO, retention at pH 6.3 (5). 

Glucose fermentation by intact yeast cells was measured in 0.1 mM KH»P0Q,! 
solution without added cofactors. Freshly harvested and washed cells 
from 18 to 20 hour cultures of the same yeast from which the triose phos- 
phate dehydrogenase was isolated were used. Air was present in the gas 
phase, but no oxygen consumption by the cells was noted. 


Results 


Inhibition of Glucose Fermentation by Antibody to Triose Phosphate De- 
hydrogenase—In the experiment of Fig. 1, Curve A shows the course and 
rate of glucose fermentation with the reaction mixture employed. It will| 
be noted that the lag phase commonly seen in cell-free systems of this type 
is still present, but a fairly constant rate is attained after a short time. 
Curve B shows that the globulin fraction from normal rabbit serum has 
no effect. Increasing amounts of antibody globulin are added in Curves 
C, D, and E. With the smallest amount added (Curve C), there is only: 
slight inhibition; yet twice this quantity of antibody (Curve D) results 
in marked inhibition. This effect is in marked contrast to the results 
obtained when this same antibody is employed as an inhibitor in the iso- 
lated triose phosphate oxidation reaction (2). In the latter case, it was 
found that the degree of inhibition progressed almost linearly from the, 
beginning with increasing concentration of antibody. The results in the 
present experiment are in keeping with what would be expected in a multi- 
enzyme system in which the enzyme being affected is not originally a rate- 
limiting factor. A certain amount of triose phosphate dehydrogenase can 
react with antibody before the glucose fermentation rate is affected. Maxi- 
mum inhibition was obtained in Curves D and E and the residual rate is 
due to the activity of the enzyme-antibody precipitate, which was shown 
to retain around 10 per cent of the original enzyme activity (2). When 
reaction mixtures similar to those in Curves D and E were centrifuged, 
the supernatants were completely inactive. 

Activation of Inhibited Yeast Juice with Crystalline Yeast Triose Phosphate 
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triose phosphate dehydrogenase, then it should be possible to restore fer- 
mentation rates by addition of an excess of this single enzyme in the pure 
form. In Fig. 2, Curve E shows the inhibited reaction, and Curves C and 
D show the activation with added crystalline yeast triose phosphate de- 
hydrogenase. In Curve C, the final constant rate attained is essentially 
equal to that in Curve B with normal serum globulin. 
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Fig. 1. Inhibition of glucose fermentation by antibody to triose phosphate de- 
hydrogenase. The final reaction mixture in Curve A contains the following com- 
ponents: 0.025 ml. of yeast juice; 1.8 ml. of 0.1 m phosphate buffer, pH 6.6; 0.4 ml. 
of activator solution (0.17 m acetaldehyde, 0.02 m HDP, 0.16 m MgSO,, 0.01 m ATP, 
and 5 X 10-4 M DPN); 0.5 ml. of heated extract of yeast juice; and 0.2 ml. of 1m 
glucose. The pH of the entire mixture is 6.3. In Curves C, D, and E, the compo- 
nents are the same except for the presence of the immune globulin fraction from 
0.3, 0.6, and 0.9 ml. of antiserum, respectively. Curve B is with the corresponding 
globulin fraction from 0.9 ml. of normal rabbit serum. 

Fig. 2. Addition of excess crystalline yeast triose phosphate dehydrogenase to 
the inhibited reaction. The basic reaction mixture is identical to that in Fig. 1. 
Curves C, D, and FE are with added immune globulin fraction from 0.9 ml. of anti- 
serum in each case. Curves C and D are with 170 and 35 y, respectively, of added 
crystalline yeast triose phosphate dehydrogenase. Curve B is the control with 
globulin from 0.9 ml. of normal rabbit serum. Curve A is the same as Curve B ex- 
cept that 500 y of crystalline yeast triose phosphate dehydrogenase have been added. 


) 


Further evidence that the amount of triose phosphate dehydrogenase 

is not a rate-limiting factor in the uninhibited system is seen in Curve A 

of Fig. 2. Addition of the crystalline enzyme to a reaction mixture con- 

taining normal serum globulin produced no significant change in the rate 
of the control (Curve B). 

Activation Studies with Addition of Crystalline Muscle Triose Phosphate 

| Dehydrogenase—Since the crystalline yeast triose phosphate dehydrogenase 
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| 
used in the above activation experiments was the same protein preparation 
that was employed as an antigen for the production of antidehydrogenase, 
the possibility existed that the reversal of inhibition might be caused by 
dissociation of an enzyme-antibody complex (or complexes) by excess an. 
tigen. More than a single enzyme could be affected and the process re} 
versed if this were happening. It seemed desirable to check the activation 
with a serologically distinct enzyme, rabbit muscle triose phosphate de. 
hydrogenase, which does not react with antibody to the yeast enzyme (2), 
In Fig. 3, it can be seen that the inhibited reaction, Curve D, is activated 
by the crystalline muscle enzyme and actually attains a faster rate (Curvy 
B) than the control reaction with normal serum globulin, Curve C. Wher! 


400; 











0 25 50 75 100 125 
MINUTES 


Fig. 3. Addition of crystalline muscle triose phosphate dehydrogenase to thi 
inhibited reaction. The basic reaction mixture is identical to that in Fig.1. Curves’ 
B and D are with the immune globulin fraction from 0.9 ml. of antiserum. Curves 
A and C are with the globulin fraction from 0.9 ml. of normal rabbit serum. Fo 


Curves A and B 2.0 mg. of crystalline rabbit muscle triose phosphate dehydrogenase 
have been added. 


the same amount of muscle enzyme is added to the latter reaction mixture, 
however, it is also accelerated, as shown in Curve A. This complicating! 
result can be explained by the presence of bound DPN in the muscle 
enzyme (6). This DPN has been shown recently to be available to the 
yeast enzymes (7). It will be noted that larger amounts of the muscle 
enzyme than of the yeast dehydrogenase were required for activation 0 
the inhibited reaction, owing presumably to the lower activity of the former 
at pH 6.3. 

Intact Yeast Cell Fermentation and Antibody—In experiments with vary- 
ing amounts of intact yeast cells and antibody to triose phosphate dehy: 
drogenase, no inhibition of glucose fermentation was noted. In a typical 
experiment with 5 mg. (dry weight) of living cells, the rate of CO, produc: 
tion was 8.1 ul. per minute. With added immune globulin fraction from 
0.9 ml. of antiserum, the rate was unchanged. 
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DISCUSSION 


Since the addition of an excess of crystalline triose phosphate dehydroge- 
nase to an antibody-inhibited reaction mixture restored the normal fer- 
mentation rate, it would appear that the inhibitory action of antibody was 
restricted to one step in this glycolysis system. The data presented cannot 
be interpreted as an absolute demonstration of serological specificity, how- 
ever, since weak cross-reactions of the antibody with other enzymes that 
may be present in non-rate-limiting amounts cannot be ruled out. The 
failure of the antibody to affect glycolysis in living yeast cells can probably 
be explained by the inability of antibody to pass through the cell wall. 
Other evidence pertaining to this point has appeared recently (8). 


SUMMARY 


1. Antibody to yeast triose phosphate dehydrogenase can be successfully 

employed to inhibit fermentation of glucose catalyzed by yeast juice. 
2. The site of inhibition appears to be specific at the dehydrogenase step. 
3. Antibody does not appear to penetrate the intact yeast cell. 
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| ALKALINE PHOSPHATASE ACTIVITY AND pH OPTIMA 


By M. H. ROSS, J. O. ELY, ano J. G. ARCHER 
(From The Biochemical Research Foundation, Newark, Delaware) 
| (Received for publication, April 17, 1951) 


| High pH values have been found necessary for optimum activity of 


alkaline phosphatase in vitro. The pH values in the living cell structures, 
on the other hand, are near neutrality: cytoplasm 6.9, nucleus 7.6 (1-3). 
| This definite difference between the pH required for optimum activity and 
the pH of the living cell indicates that alkaline phosphatase is not optimally 
active in vivo. However, the pH required for optimum activity in vivo 
may not be the same as that in vitro. 
The pH optimum for alkaline phosphatase activity has been shown to 
vary with the substrate concentration (4, 5), the type of substrate (6), 
hand the buffer employed (7, 8). A pH optimum less than 8.0, however, 
had never been reported for alkaline phosphatase. 
The possibility of lowering the pH optimum to physiological values by 
' lowering the substrate concentration was investigated. As the concen- 
trations of the substrates were lowered, the pH optima for alkaline phos- 
phatase activity were found to be nearer neutral pH values. 


EXPERIMENTAL 


Normal male rats of the Wistar strain, each weighing 175 to 200 gm., 
were used. The small intestine was removed immediately after decapi- 
tation, freed of pancreatic and mesenteric remnants, opened longitudinally 
to expose the mucosa, washed in cold tap water, and macerated separately. 
After addition of acetone and further maceration, the muscularis was re- 

,moved, the mucosa centrifuged, and the supernatant acetone discarded. 
The mucosa was washed four more times with 40 ml. of acetone and air- 
dried at room temperature. A fine white powder was obtained which 
averaged 650 mg. per intestine. 

A suspension of 1.2 gm. of the powder in 50 ml. of distilled water was 
refrigerated at 4° for 30 minutes and centrifuged. The supernatant ex- 

, tract, filtered and diluted to 500 ml. with distilled water, contained large 
quantities of inorganic and hydrolyzable organic phosphate contaminants 
(Table I) which could not be completely removed by dialysis and which 
interfered in enzyme determinations. Solid MgSO, and sodium veronal 
were therefore added to the intestinal mucosa filtrate to final concentra- 
tions of 0.01 and 1/30 M, respectively, and the pH was adjusted to 7.8 
with 1.2 nN HCl. The solution was incubated at 37° for 2 hours, placed 
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in viscose tubing, and dialyzed for 60 hours at 4° against frequent) snCle ¢ 
changed distilled water to which a small amount of toluene was addej| pipette 
No hydrolyzable organic phosphates were then present. Whe: 

56 buffered substrates were prepared by adding 50 ml. portions of eae} the sub 
of seven sodium 6-glycerophosphate (C;H;0;PO;Na2-5H.O) solutions t} alter tl 
50 ml. portions of eight buffers, M/15 sodium veronal, adjusted with H( Whe 
to values ranging from pH 6.5 to 9.5. Each of the acid volumes requirei| PteclP! 
for adjusting the pH was augmented with water to give a total volum ribonuc 








equal to that of the ‘acid required for the lowest pH. jnucleic 
Adenylic acid and ribonucleic acid were neutralized with NaOH befor|? Pet ¢ 
the addition of the buffer. ) therefo 


1 ml. of MgSO, (0.1 m) and 7 ml. of the buffered substrate were intro. 
duced into test-tubes and placed in a constant temperature bath at 37 
for 10 minutes. 2 ml. of the enzyme solution were then added and th: 














TaBLeE I 
Extract of Intestinal Mucosa j 
Phosphatase |} Organic P| Inorganic P Nitrogent 
activity* content content content 
y per ml. y per ml. y per ml. | 
Before incubation and dialysis. ...... | 18.4 | 17.0 | 32.5 | 99.0 
After = ef Bete e ore | 13 0.48 | 0.8 7.79 


| 


* Expressed as micrograms of phosphorus per ml. liberated at pH 9.1 and 37° i 
1 hour from sodium £-glycerophosphate (10 mg. per ml.). ) 
{+ Determined according to the method of Ma and Zuazaga (9). r 
1G. 
tubes sealed with Parafilm. Duplicate tubes for pH determinations wer ‘Phos 


prepared from the same solutions and with the same pipettes for ever 


nee ae ait : cipitat 
phosphatase determination. Enzyme activity determinations for ead.) ¥; 
substrate were made within | day with the same sample of enzyme. |g; »y] 


If the concentration of the hydrolyzed substrate was greater than | mg! Sub: 
per ml. and if the solution contained 1 y or more of inorganic phosphort ;, 4p, 
per ml., 2 ml. of 50 per cent trichloroacetic acid were added to the enzyme phorus 
buffer-magnesium-substrate mixture and to the blanks to inactivate the devaio 
enzyme. The inorganic phosphorus content in a 5 ml. aliquot portion @ tnedoet 
the mixture was determined by the method of King (10). 

If the concentration of the hydrolyzed substrate was less than 1 me! 
per ml. and if the solution contained less than 2 y of inorganic phosphor) 4; 
per ml., 10 ml. of 0.02 m sodium molybdate in 1.2 n sulfuric acid wer perm 
added to inactivate the enzyme. To the entire sulfuric acid-molybdate: .j.4);, 
enzyme-substrate mixture, 0.1 ml. of 0.2 N stannous chloride in concely poy, 
trated HCl was added according to Norberg’s modification (11) of thy. D 
technique of Denigés, by means of a Phipps-Bird dispenser. Because thi 
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ently SnCle deteriorated rapidly, it was added as quickly as possible and the 

.ddei{ pipette was rinsed each time with fresh reagent. 

When barium fructose-6-phosphate in high concentration was used as 

f eg¢ij the substrate, the precipitate (probably BaSO,) was removed by filtration 

ns jpalter the addition of the sulfuric acid. 

h Hc} When ribonucleic acid in high concentration was used as the substrate, 

yuirei| Precipitation occurred upon the addition of trichloroacetic acid (unused 

olum tibonucleic acid) and ammonium molybdate (probably products from ribo- 
‘nucleic acid resulting from activity of contaminating enzymes). 2 ml. of 

befor 2 Per cent uranyl acetate in 50 per cent trichloroacetic acid solution were 
}therefore added to the hydrolyzed substrate and to the blanks. The pre- 


intro: 
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SUBSTRATE CONCENTRATION 9/ML 
Fig. 1. Phosphate liberated by alkaline phosphatase activity on sodium f-glyc- 
s wer ‘ophosphate. Incubation period, 1 hour. 


evel) cipitate was removed by filtration. 1 ml. of the filtrate was diluted to 10 


| |. with distilled water and then 10 ml. of H,SO.Na:Mo(, reagent and 
ms jo ml. of SnClz were introduced. 
1M! Substrate and enzyme blanks were made by the method appropriate 


»hon' +> the concentration of the substrate. Reagent blanks and standard phos- 
ZyM° phorus samples were included with every series. Color was permitted to 


ve the develop for 30 minutes and was measured with the Klett-Summerson pho-* 


102 © toelectrie colorimeter equipped with a red filter No. 66. 


1 ma! Results 

a At pH 9.1 at different initial glycerophosphate concentrations (10 mg. 
1 Welt per ml. to 3 y per ml.), various amounts of phosphate were liberated by 
bdaté’ skaline phosphatase activity in 1 hour at 37°. Much smaller amounts, 
oncell 


however, were found at concentrations below 5 mg. per ml. (Fig. 1). At 


of thi nig pH, at a concentration of 10 mg. per ml., the rate of hydrolysis during 


ise. the 
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the 1st hour was the same as the initial rate, 4.33 X 10-° y of phosphon than 1 
per second per ml. The value of the Michaelis constant, K,, calculate substra 
on the assumption that the velocity of the reaction at the end of 1 how x 10+ 
is proportional to the initial velocity, was found to be 0.0022. 
Optimum activity was found to occur at pH 9.13 when the enzyn 
was incubated with 10 mg. per ml. of glycerophosphate at different pi 
values for 1 hour (Fig. 2). At lower glycerophosphate concentration 
however, the optimum activity was less and occurred at a lower pH value 
At a substrate concentration of 5000 y per ml. the optimum pH was 9.0 
but at a substrate concentration of 5 y per ml. the optimum pH was 7, 
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Fic. 2. pH for optimum activity of alkaline phosphatase on sodium evel 
phosphate at various concentrations. Curve A, 10,000 y per ml.; Curve B, dil 
y per ml.; Curve C, 1000 y per ml.; Curve D, 500 y per ml.; Curve E, 100 y per ml 
Curve F, 5 y per ml.; and Curve G, 3 y per ml. Incubation period, 1 hour. 


and at 3 y per ml. it was 7.35. The relationship between the optimum pl 
and the substrate concentration expressed logarithmically is shown in Fig 
3. Extrapolation to a substrate concentration of 1 y per ml. indicate 
7.1 to be its optimum pH. 

At any pH within the range of 7 to 8, there was only a slight different . Fis. 
‘in the amount of phosphate liberated at glycerophosphate concentration nom 
of 10, 5, and 1 mg. per ml., but at these concentrations above pH 8.0, ther y of , 
were definite differences in the amounts liberated. Over the entire pl) 19 00 
range, the amount of phosphate liberated differed with different enzym' The 
preparations, but the pH optimum for substrate concentrations from 1! sate 
to 1 mg. per ml. did not differ. smalle 

The rate of hydrolysis was found to be almost constant during 1 how comp! 
at a concentration of 5 y per ml. and at pH 7.5. At values other than thi less 4] 
pH optimum 7.5, the amount of phosphate released during periods of le\ be ge¢ 
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phorw than 1 hour were too minute to measure. The rate of hydrolysis of the 
ulated substrate concentrations of 5 y per ml. at its optimum pH, 7.52, was 1.3 
| how x 10-* y of phosphorus per second per ml., in contrast to the 43.3 & 10+ 
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SUBSTRATE CONCENTRATION 1/ML 

ferent: Fig. 4, Sodium 6-glycerophosphate hydrolyzed by alkaline phosphatase at op- 
ration timum pH. Incubation period, 1 hour. 
; they of phosphorus per second per ml. for the substrate concentration of 
ire Pl 10,000 y per ml. determined at its optimum pH. | 
nzyi’ The percentage of the phosphate liberated in 1 hour at different sub- 
om | strate concentrations was shown to be greater when the concentration was 

smaller (see Fig. 4). 1 y per ml. of glycerophosphate would therefore be 
1 how completely hydrolyzed in 1 hour, if the initial rate were maintained, and 
an thi less than 1 y per ml. would be completely hydrolyzed in less time, as can 
of le%\be seen by the extrapolation of the semilogarithmic curve in Fig. 4. Since 
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progressively smaller amounts of substrate were available to the enzyny strate i 
at low substrate concentrations (e.g. 5 y per ml.), a reduction in the rajj neous ¢ 
of hydrolysis was found; at high substrate concentrations (e.g. 10 mg. pq the cell 
ml.), however, since only a small proportion of the substrate was hydnj concent 
lyzed and only a small change in pH optimum occurred, the reduction i} been st 
rate was not as pronounced. the liv: 

When other phosphoesters were used as substrates at various concen parentl 
trations, different pH values for optimum activity were also found (Tabi should 
II). In each case the activity at the low substrate concentrations wa dynam: 
much less than that at the high substrate concentrations and there wa lydrol; 
no sharply defined optimum. The activity also differed among substrate) utili 























| The 

TaBLe II shosph 

pH for Optimum Alkaline Phosphatase Activity on Different Concentrations of | desoxvy 
Substrates : 

groups 

Substrate Concentration pH optimum | substrs 

% — ~}amoun 

Phenyl disodium phosphate 15.14 9.55 pith “ 
0.01514 7.75 {this nu 

Adenylic acid 21.09 9.35 }be avs 

0.25 8.30 [pH or 

0.02109 7.65 76. ° 

Fructose-1-6-phosphate 13.51 9.50 fF | 
0.01351 7.79 {Value 

Fructose-6-phosphate 11.22 9.05 oe ot 
0.01122 7.75 {line pl 

Ribonucleic acid 2.711 8.75 | what ] 
0.002711 7.60 Sinc 

eg 7 non-p! 


on fructose-1-6-phosphate it was less than on other substrates; on = is opt 
phosphate, on the other hand, it was so great that the enzyme concentti| enzyn 
tion had to be reduced. It was found that the pH optima for the variou tion, « 
substrates were relatively close to one another at the same molarity ove as th: 
the entire range of concentrations. 

When the pH was maintained at the optimum for each particular cor 
centration of substrate, the amounts of phosphate liberated in 1 hour frou Th 
glycerophosphate were different from those liberated when a constant pl depen 
was maintained for all substrate concentrations. The Michaelis constant! the r 
K,, calculated from the phosphate liberated when each concentration ¢ subst: 
substrate was at the optimum pH, was 0.0030. senter 
been 
| presse 

Enzyme activity has heretofore been studied with individual substrate phos] 
in vitro, but there are many substrates available in vivo. When the subjml., 
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DISCUSSION 
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nayng strate is added in vitro in such amounts as to saturate the enzyme, erro- 
ie ra neous conclusions may be drawn regarding the activity of the enzyme in 
1g. pq the cell or in body fluids, for it does not seem likely that these substrate 
hvdp concentrations exist in vivo. Moreover, alkaline phosphatase activity had 
ties ‘been studied primarily in the range pH 8 to 10, but the pH limits of 
the living cell structures are much lower than this. Also, the cell ap- 
once parently contains many activators and inhibitors whose combined effect 
(Tabjj should be considered. The enzyme activity is no doubt influenced by the 
ng yw dynamics in the cell where substrates are continuously being supplied and 
re wy lydrolyzed and end-products are continuously being removed from the cell 
trate) or utilized in the cell. 

The nucleic acids are probably the most important substrates for alkaline 

phosphatase in the nucleus. Since alkaline phosphatase activity against 
desoxyribonucleic acid (DNA) appears to be limited to terminal phosphate 
groups (12), the greater the molecular weight of the molecule, the less 
stimum | substrate is available for enzymic hydrolysis. Calculated from the average 
——jamount of DNA, 1.02 X 10-* mg. (18, 14), in a normal rat liver nucleus, 
55 ‘with a volume of 700 cu.u and the assumed molecular weight of 500,000, 
75 | this nucleus would contain 6.5 X 107'° y of DNA phosphorus, which would 
35 }be available to the enzyme. At this concentration of phosphorus, the 
pH optimum for alkaline phosphatase activity would be approximately 
76. The actual molecular weight may be as much as 5 times the 500,000 
79 | Value and at this lower molarity the pH for optimum activity is 7.25. On 
5 | the other hand, DNA cannot be considered as the sole substrate for alka- 
5 Hine phosphatase, and the pH value for optimum activity is probably some- 
5 |what higher. 
0 Since it has been shown that the pH optimum can be reduced from a 
~|non-physiological to a physiological pH, it is logical to assume that there 
phen}| is optimum alkaline phosphatase activity in vivo. It may be that other 
cent} enzymes whose pH optima change with variation in substrate concentra- 
varidl{ tion, e.g. urease (15, 16), also have as their pH optima in vivo the same pH 
ty Ovélas that of the cell. 





ms of 





aii on SUMMARY 


ur fron The optimum pH for alkaline phosphatase activity has been shown to be 
ant pi dependent upon the initial substrate concentration. At the optimum pH 
mnstant! the rate of hydrolysis was found to be lower when the concentration of 
ition ¢ substrate was lower, but the small amount of phosphate released repre- 

sented a greater proportion of available phosphate. A direct relation has 

been found between the pH optima and the substrate concentrations ex- 

pressed logarithmically. At a concentration of 10 mg. per ml. of glycero- 
bstrate\ phosphate, the optimum pH was 9.13, but at a concentration of 3 y per 
he suljml., the optimum pH was 7.35. 
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STUDIES OF THE BIOLOGICAL EFFECTS OF METHIONINE 
SULFOXIMINE* 


By S. N. GERSHOFF anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, April 27, 1951) 


The production of convulsions (running fits) in animals by feeding them 


_ proteins treated with agene (NCl;) has been studied by many workers dur- 


ing recent years. However, most investigations of the metabolic changes 
accompanying these toxic symptoms have been negative in nature. In 
1948 Newell et al. (1) reported that they were unable to determine any 
consistent or significant differences between values for water balance or 
hemoglobin, hematocrit, red blood cell count, white blood cell count, pro- 
thrombin time, glucose, calcium, phosphorus, sulfur, or vitamin C of the 
blood of dogs when fed agenized wheat gluten and when fed non-toxic 
control rations. Although increases in blood magnesium and potassium 
were observed when the agenized gluten was fed, injections of magnesium 
and potassium salts had no effect in preventing or lessening the intensity 
of the seizures. In 1949 Monahan and Lalanne (2) observed no signifi- 
cant differences in the urine of control dogs and dogs fed agenized flour 
when quantitative analyses were made for total nitrogen, urea nitrogen, 
creatinine, calcium, phosphorus, and sulfates, both total and organic. No 
variations from the normal were found when qualitative urine analyses 
were made for reducing substances, pH, protein, bile pigments, ketone 
bodies, blood, and microscopic elements. These workers also made blood 
analyses for glucose, non-protein nitrogen, albumin, globulin, urea nitro- 
gen, phosphorus, calcium, acetylcholine, and cholinesterase. Only in the 
last two components were they able to find significant variations between 
their control and test animals. There was a progressive decrease in serum 
cholinesterase and a progressive increase in circulating acetylcholine fol- 
lowing the appearance of the symptoms of toxicity. Liver function was 
normal in all the dogs tested. Gershoff et al. (3) found no significant al- 
terations in the amount of glucose, glycogen, lactic acid, and various acid- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by a grant from Wilson 
and Company, Chicago, Illinois. 

We wish to thank Dr. W. E. Stone and Dr. L. B. Kirschner for performing the 
acetylcholine analyses, Dr. J. N. Williams, Jr., for his assistance in the xanthine 
oxidase work, and Dr. T. C. Erickson for his advice and surgical assistance. 
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soluble phosphorus compounds in the cerebral tissue of dogs suffering from 
running fits. 

Recently, the neurotoxic agent in agenized proteins has been charac. 
terized and synthesized (4, 5). It has been named methionine sulfoximine 
by Reiner, who has graciously made some available to us. The work 
reported here consists of further studies concerning the metabolic action 
of methionine sulfoximine. 

Since the primary symptoms of running fits are neurological in nature, 
the effect of methionine sulfoximine on the endogenous respiration of dog 
brain homogenates has been studied. The brains of normal dogs and of 
dogs made convulsive with methionine sulfoximine were used in this work. 
3 ml. of homogenates consisting of 1 part of cerebral cortex and 5 parts 


























TaBLeE I 
Effect of Adding Methionine Sulfoximine to Cerebral Cortex Homogenates of Normal 
Dogs and Dogs with Running Fits 
The results are expressed in microliters of Oo per mg. of N. 
eee eo nn ere Kg 
Dog No. —— | 040 min. | 040 min. | 0-70 min, 0-100 min. 
1 } + 7 2 86| 648 65 | 
1 + 9 | 3s | 8B 68 
Q* = ee es | 68 
2 + 9 33 | BB 70 
3 - Ls 2 | 848 66 
3 - = 30 «| 649 65 
4* _ : | 51 | 69 ) 
4 + | s+ | #2 | &@ 1. .« 
* Dogs 2 and 4 were suffering from running fits. 
of Krebs-Ringer solution, pH 7.4, were equilibrated in Warburg respi- 
rometer flasks at 37° for 10 minutes. At the end of this period methionine | 


sulfoximine was added to one-half of the flasks, making the final coneetl | 


tration in these flasks 0.01 m. Oxygen uptake was measured over a period | 
of 100 minutes. The results of this work are presented in Table I. It: 
may be seen that there was no significant difference in the endogenous | 
respiration of the brain homogenates of normal and convulsive dogs and 
that the addition of methionine sulfoximine to the homogenates was with- 


out effect. Similar results were obtained when spinal cord homogenates } 


were used. These results were consistent with the observation that the 
application of methionine sulfoximine to the surface of the cerebral cortex 
and cerebellum of a dog had no effect upon the electroencephalogram 
pattern. 


Since acetylcholine and cholinesterase values for blood have been found | 


to be altered during running fits and because of their rdle in neuromus- 
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cular transmission, analyses for these substances in the cerebral tissue of 
puppies with running fits were made. 

In these experiments mongrel puppies 8 to 12 weeks of age were used. 
The cerebral cortices of four dogs with running fits and three control ani- 
mals were exposed, frozen with liquid air, and removed for analysis of total 
acetylcholine content. Nembutal anesthesia was used in each case. The 
acetylcholine was extracted by a technique of Stone! and measured by the 
frog rectus abdominis method. The values for dogs with running fits were 
0.83, 0.80, 0.76, and 0.98 y per gm., while those for normal dogs were 
0.76, 0.69, and 0.85 y per gm. These analyses indicate that in the cerebral 
tissue of dogs with running fits there is no significant alteration of the 
acetylcholine content. It is interesting to note that the amount of acetyl- 


TasB_e II 
Effect of Methionine Sulfoximine on Dog Brain in Vivo and in Vitro 
Weight of cortex tissue per flask, 143 mg. 

















Condition of dee i in 30 —_ be Brack = 

| pl, CO2 | per cent 
Running fits 106 41 

53 47 

51 35 

| 51 39 
Normal | 69 43 

| 56 30 

| 7 33 

| 55 | 42 





choline found in the cerebral tissue of puppies is considerably less than 
that in the cerebral tissue of normal adult dogs. Stone! has established 
this latter level as being 1.1 to 1.4 y of acetylcholine per gm. of cerebral 
tissue. 

Cholinesterase values were obtained by the method of Nachmansohn and 
Rothenberg (6). Four dogs with running fits and four normal dogs were 
anesthetized with nembutal and sections of their cerebral cortices were 
removed for analysis. Cholinesterase activity was measured in the ab- 
sence and in the presence of 0.01 mM methionine sulfoximine. ‘The results 
of these analyses are shown in Table II, from which it may be seen that 
there is no consistent difference in the cholinesterase activity of the cere- 
bral cortices of normal dogs and those with running fits. The addition 
of 0.01 m methionine sulfoximine to the brain homogenates resulted in a 
marked decrease in cholinesterase activity in all cases. 


‘Stone, W. E., unpublished data. 
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It has been reported by Reiner ef al. (7) and by Gershoff and Elvehjen 
that the symptoms of methionine sulfoximine toxicity in animals can be| 
suppressed by the administration of adequate quantities of methionine, 
These observations have raised the question as to whether the antimethi- 
onine activity of methionine sulfoximine is specific for the enzyme systems 
affected in running fits or whether it is general in nature. Williams and| 
Elvehjem (8) have reported that in rats fed a diet limited in methionine) 
content liver xanthine oxidase activity is reduced. Since liver xanthine| 
oxidase activity can be used as an index of general antimethionine activity, | 
the following experiments were devised. Four groups of twelve weanling, 
male, Sprague-Dawley rats were fed purified rations consisting of casein, } 
sucrose, corn oil, and salts. These diets were adequately supplemented 








with the necessary vitamins. Each ration contained 15 per cent protein! 
TasieE III 
Effect of Feeding NCl3-Treated Casein on Xanthine Oxidase of Rat Liver 
(12 os Ration py deo ad Mean difference 
| ; ul. - 
A | NCl3-treated casein 98 21 + 9* j 
B | Untreated casein 119 : 
CS | NCl;-treated casein + 0.25% 151 
methionine Not significant 
D | Untreated casein + 0.25% 157 
| methionine 








} 


* Fiducial limits have been calculated with a 98 per cent level of significance. 





Two of the groups received untreated casein, while the other two received 
casein treated with 10 gm. of agene per kilo. The diets of one of the groups 
receiving the untreated casein and one of the groups being fed the treated 
casein were supplemented with 0.25 per cent methionine. After 33 months | 
the animals were sacrificed and the xanthine oxidase activity of the liver 
was measured by the method of Axelrod and Elvehjem (9). The results 
of this work are presented in Table III. It is apparent that the xanthine 
oxidase activity of the livers from animals receiving the agenized casei 
was significantly lower than that of their controls. The liver xanthine 
oxidase activity of the two groups receiving diets supplemented with methi- , 
onine was considerably higher than that of the other two groups and did 
not differ significantly, even though one group was being fed agenized 
casein while the other was getting untreated casein. 

A possibility existed that these results might have been due to excessive 

2 Gershoff, S. N., and Elvehjem, C. A., unpublished data. 

3 Kjeldahl nitrogen X 6.25. 
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jen destruction of methionine in the treated casein, for it is known that agene 
in }e| treatment of a protein converts some of its methionine into methionine 
ynine| sulfoxide and methionine sulfone as well as methionine sulfoximine. Con- 
rethi.| sequently, two groups of six adult, male, Sprague-Dawley rats were placed 
stems} on a ration consisting of 18 per cent untreated casein, 73 per cent sucrose, 
5 and| 5 per cent corn oil, 4 per cent Salts 4 (10), and adequate supplements of 
onine the essential vitamins. Each day for a period of 2 weeks the rats in one 
thine} group were injected intraperitoneally with 25 mg. of methionine sulfoxi- 
ivity, mine per kilo of body weight, while the control animals were injected with 
nling water. At the end of this period, the rats were sacrificed and the liver 
ysein,) Xanthine oxidase activity was determined. The results of this work, pre- 
nein sented in Table IV, indicate that, in addition to its neurotoxic activity, 
tein! methionine sulfoximine is a general antimethionine agent. 








TasBLe IV 
er Effect of Methionine Sulfoximine on Liver Xanthine Oxidase of Rats Fed 18 Per Cent 
— Casein Rations 
4 eee 
ce | 
— 6 bg | Treatment pe obo ond | Mean difference 
| | - | 
q | Control 196 
a oe | 8 4 
F | 25 mg. methionine sulfoximine in- 113 scleesiues 
ant jected per kilo body weight per 
| day 











)  *Fiducial limits have been calculated with a 98 per cent level of significance. 


nce. 

SUMMARY 
ceived T+ has been found that neither the endogenous respiration nor the acetyl- 
‘OUPS | choline and cholinesterase content of the cerebral cortex of the dog is 
cated significantly altered during running fits. 
mths | The addition of methionine sulfoximine to dog brain homogenates has 
livet | no effect on the endogenous respiration but markedly inhibits the cho- 
sults linesterase activity. 
thine The administration of methionine sulfoximine to rats results in a sig- 
aselll nificant decrease in the xanthine oxidase activity of the liver, which can 
thine be prevented by feeding excess methionine. This indicates that the anti- 
ethi- | methionine activity of methionine sulfoximine is not specific for the en- 
a zyme systems affected in running fits but is general in nature. 
n1ZeC 


BIBLIOGRAPHY 
ssive | 1. Newell, G. W., Gershoff, 8. N., Fung, F. H., and Elvehjem, C. A., Am. J. Physiol., 
152, 637 (1948). 
2. Monahan, E. P., and Lalanne, G. G., Medical nutrition laboratory, Report 
49, Chicago (1949). 





XUM 








574 EFFECTS OF METHIONINE SULFOXIMINE 


. Gershoff, S. N., Newell, G. W., and Stone, W. E., Arch. Biochem., 21, 74 (1949 
. Misani, F., and Reiner, L., Arch. Biochem., 27, 234 (1950). 
. Bentley, H. R., McDermott, E. E., Moran, T., Pace, J., and Whitehead, J. K. 


Proc. Roy. Soc. London, Series B, 137, 403 (1950). 


6. Nachmansohn, D., and Rothenberg, M. A., J. Biol. Chem., 158, 653 (1945). 
te 

8. Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. Chem., 181, 559 (1949). 

9. 
10. Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem 


Reiner, L., Misani, F., and Weiss, P., Arch. Biochem., 25, 447 (1950). 
Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 140, 725 (1941). 


138, 459 (1941). 





~—— 


~ 


By F 
(Fr 


T 
pres 
com 
of v 
ucts 
adm 
trati 
effec 
ized 
proc 
mar 
cyst 
defi 
gati 
sult 


XU 


(1949 


J.K 


Chem 





—_— — 


~— 








METABOLISM OF GLUTATHIONE 
VI. EFFECTS OF HYPOPHYSECTOMY* 


By FRANCIS BINKLEY, GERALD M. CHRISTENSEN, anp FENG CHI WU 


(From the Departments of Pathology and Biological Chemistry, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, May 17, 1951) 


The observation that the blood of diabetic patients contains a material 
presumed to be y-glutamylcysteine in significantly increased amounts as 
compared with that of normals (1) has prompted us to study the effects 
of various hormones upon the concentration of glutathione and the prod- 
ucts of its hydrolysis in tissues of the rat. As we have reported (2), the 
administration of insulin is followed by a marked decrease of the concen- 
tration of glutathione in liver tissue of rats, but there were no significant 
effects upon the concentration of y-glutamyleysteine in tissues. Alloxan- 
ied rabbits were found to have normal levels of glutathione and of the 
products of its hydrolysis in blood at the time the diabetic condition was 
marked. It would appear, therefore, that the appearance of y-glutamyl- 
cysteine in the blood of diabetic patients may not be related directly to a 
deficiency in the production of insulin. As a further step in this investi- 
gation, the tissues of hypophysectomized rats were analyzed and the re- 
sults were compared with those of normal rats of the same strain and age. 


EXPERIMENTAL 


The methods of analyses were given in detail in the previous reports 
(1,2). Hypophysectomized rats were obtained from the Hormone Assay 
Laboratories, Chicago, Illinois. The rats were males of about 100 gm. in 
weight when received. They were maintained for 3 weeks on a diet of 
canned dog food and milk, at the end of which time their weight had in- 
creased to about 115 gm. Normal males of the same strain (Sprague- 
Dawley) and same age weighed about 200 gm. at the time of sacrifice.! 
The rats were fasted for 16 hours before analyses were made. The results 
are reported in Table I. The variations in the determination were such 
that differences significant at much less than the 1 per cent level could not 

* These studies were supported by a grant from the United States Public Health 
Service. 

1 Levels of glutathione and products of its hydrolysis in tissues were found to be 
more variable when the tissues were analyzed shortly after hypophysectomy. Val- 


ues for controls of the same weight (about 100 gm.) were found not to vary signifi- 
cantly from those of the larger animals. 
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GC 0.¢ 


be achieved by group comparison methods. A comparison of paired ani. ‘stratic 


mals analyzed on the same day served to increase the significance to wel 
below the 1 per cent level. 

It would appear that there is significantly less true glutathione in th 
spleen and cardiac tissue of hypophysectomized rats than in the contrd tissues 
animals. It is of special interest that the fraction presumed to be y-glu- aie 4 
tamylcysteine (cysteine released by mild acid hydrolysis) (GC) was sig.| 


The 


= k j ‘ : jheart 1 
nificantly lowered in the hypophysectomized animals in the heart, skeletal| vel 
TaBLe I by th 

Effects of Hypophysectomy on Glutathione of Rat Tissues (cyste 


Tissue levels are expressed as mg. of glutathione per 100 gm. of wet tissue; the and b 
mean values and the standard error are listed. CG, cysteine, cystine, and cysteinyl- the ac 
glycine; GC, y-glutamylcysteine (cysteine released by mild acid hydrolysis). The 
values in bold-faced type were found to be significantly different at the 3 per cent 


level or less. 
















— et 1. Bin 
| Control (12 rats) Hypophysectomized (25 rats) 2. Bin 
| me GSH CG GC GSH 
Liver 32.1 | 127.5 28.7 107.2 
+4.6* +21.7 +4.9 +16.3 
Kidney 41626 | | 37.8 66.6 35.1 
+3.8* | +10.6 | +13.3 +12.8 
Spleen 41.2 | 52.6 48.2 20.1 
+3.0* | | 5.5 +13.7 +9.1 
Heart 2106 | 5.6 41.9 20.6 Et 27.1 
+5.8 | +3.2 | +9.4 +5.8 +1.7 +6.4 
Muscle 19.1 6.7 | 12.5 | 18.3 2.7 11.5 
+5.0 +2.6 | =+4.8 | +6.2 +2.6 +3.0 
Blood 6.7 7 eo aa 209 | 5.0 3 Hea 18.7 
+1.0 41.5 | | +22 | +08 +8.6 | 





* Cysteine plus cystine; cysteinylglycine is not present in these tissues. 


muscle, and blood. Thus it would appear that this fraction is, in some 
manner, related to the activity of the pituitary gland. Experiments to 
determine whether or not replacement therapy with the various hormones 
of the pituitary gland will restore normal levels of y-glutamylceysteine are 
under way. It has been found that the injection of neutralized glutathi- 
one (30 mg. per day for 6 days) did not restore the levels of y-glutamyl- 
cysteine to normal and resulted in a loss of weight of the hypophysecto- 
mized animals (average of 11 gm. each). However, the administration of 
glutathione did restore the levels of true glutathione in the spleen and | 
heart to the normal range. (Spleen? CG 42.9, GSH 42.7; heart CG 26.2, 


2 CG, cysteine, cystine, and cysteinylglycine; GC, y-glutamylcysteine. 
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GC 0.6, GSH 40.4; mean values for eight treated animals.) The admin- 


id a istration of glutamine (50 mg. daily) was without effect. 
O Wel 
SUMMARY 
_ he The concentration of glutathione and the products of its hydrolysis in 
ontrol 


tissues of male hypophysectomized rats was compared with that of normal 
¥-glu male rats of the same age and strain. It was found that the spleen and 
S SI&: heart tissue of the hypophysectomized animals had a significantly decreased 
eletal level of true glutathione; these levels were restored to the normal range 
Iby the administration of glutathione. The levels of y-glutamylcysteine 
(cysteine released by mild acid hydrolysis) in heart tissue, skeletal muscle, 
ie: the and blood were found to be less than normal and were not influenced by 
teinyl- the administration of glutathione. 
The 
-r cent BIBLIOGRAPHY 
1. Binkley, F., Fujii, S., and Kimmel, J. R., J. Biol. Chem., 186, 159 (1950). 
ts) 2. Binkley, F., Christensen, G. M., and Wu, F. C., J. Biol. Chem., 192, 29 (1951). 
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A NEW SPECTROPHOTOMETRIC TEST FOR THE 
DETECTION OF METHYLPENTOSE 


By ZACHARIAS DISCHE anp LANDRUM B. SHETTLES 


(From the Department of Biochemistry and the Department of Obstetrics and 
Gynecology, College of Physicians and Surgeons, Columbia University, 
New York, New York) 


(Received for publication, February 14, 1951) 


In a preceding report (1) we described a micromethod for the tentative 
identification and quantitative determination of methylpentose in poly- 
saccharides. This method is based on the shape and position of the maxi- 
mum of the absorption curve of the products developed by these sugars in 
a reaction with cysteine in H,SQ,; these characteristics differ completely 
from those observed with other sugars commonly found in nature. The 
identification of a sugar in crude tissue extracts by color tests is more cer- 
tain when based on more than one criterion. The present report deals 

_with a new spectrophotometric test for methylpentoses based on a charac- 
teristic property of their reaction product with cysteine in H,SO,. 


EXPERIMENTAL 


Principle 


It was previously reported (2) that the reaction products of various 
classes of sugars with cysteine in H.SO, differ in their sensitivity towards 
water. For every class there is a limiting concentration of H,SO, below 
which the reaction product breaks down. Below this limit the speed of 
the breakdown increases with the dilution of the acid. The speed of the 
breakdown of the reaction product of a certain class of sugars at a given 
concentration of H.SO, can, therefore, be regarded as a characteristic 
property of this class of sugars. The new test consists in determining, by 
a procedure previously described (1), the amount of the product formed 
in the reaction of methylpentose with cysteine in H.SO, and in measuring 
subsequently the speed with which this reaction product is destroyed by 
addition of a certain amount of water. 


Procedure 
Four 0.5 ec. samples of the unknown each containing 5 to 20 y per ce. 
of methylpentose, two samples of 1 cc. of 5 mg. per cent of glucose solution 
(or 10 mg. per cent of galactose or mannose), and 1 ce. of HO are pipetted 
into test-tubes of equal diameter. To two samples of the unknown are 
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added 0.5 cc. of HO. To two others, 0.5 ce. of a solution of 2 mg. per 
cent of fucose or rhamnose is added (internal standard). One of the modi- 
fications of the cysteine reaction, described previously as CyHs; and re. 
ferred to from now on as 3 minute cysteine reaction of methylpentose, is 
carried out on the seven samples. 

Da95 (the optical density at 396 my) is determined with the Beckman 
spectrophotometer for the hexose solution, the unknown, and the internal 
standard against the water blank. Thereafter the wave-length around 
427 my is found at which D of the glucose solution does not differ signifi. 
cantly from D595. The density at this wave-length we designate as Dy. 
D395 — D427 is then determined for the unknown and the standard. This 
difference is a quantitative measure of the amount of the reaction product 
of methylpentose with cysteine (1). All samples are now immersed in a 
water bath of room temperature and 0.8 ce. or 1.2 ec. of HO are added, 
with shaking, to each. 4 hours later D9 — Day; is again determined in 
the unknown and internal standard. The ratio of Dsgg — D427 before 
addition of water to that observed after addition of water, counted for 
dilution, is a measure of the destruction of the reaction product of methyl- 
pentose by the added water. Ds. — Du; is zero for pentose, glucose, 
mannose, hexuronic acids, and 2-desoxyribose before and after addition 
of water. For galactose D395 — D4; is zero before addition of water and 
becomes slightly positive after addition of water. A standard of galactose, 
therefore, should always be run if the presence of this hexose in the un- 
known can be assumed. If the concentration of galactose in the solution 
is known, its contribution to the change of Ds9g — D427 will be easily calcu- 
lated from values found in the galactose standard. 

Biological extracts often contain substances which when heated with 
H.SO, yield brown products which absorb between 396 and 427 my. The 
absorption due to this unspecific reaction must be subtracted from the! 
total absorption of the sample. It is, therefore, necessary, when carrying 
out the cysteine reaction on such extracts or preparations, to run simul- 
taneously one sample of the unknown and one blank in the same way as 
the sample on which the cysteine reaction is carried out (cysteine samples), 
except that instead of 0.1 cc. of a 3 per cent cysteine hydrochloride solu- 
tion 0.1 ec. of only water is added to the last two samples (water samples). 
Values of Ds95 — D427 of the water samples, before and after further dilu- 
tion with water, are subtracted from the corresponding differences found 
in cysteine samples and thus values for D9, — D4; due to methylpentose 
are found. 

Results 


As can be seen from Table I, Ds95 — Daz of methylpentose decreases by 
40 per cent 4 hours after addition of 0.8 cc. and by 60 per cent after addi- 
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tion of 1.2 ec. of water. The speed of the breakdown is not affected sig- 
nificantly by the presence of 0.1 per cent of serum albumin; an amount of 
mannose or glucose 10 times that of methylpentose decreases it by 7 to 13 
per cent. This influence of hexoses is eliminated by the use of an internal 
standard. The concentration and nature of the methylpentose have no 
influence on the effect of water. 


TABLE I 


Influence of Various Amounts of Water on D395 — D4z in Cysteine Reaction of 
Methylpentose 


Original volume of reaction mixture, 5.3 ce. 



































D396— D427 X 1000 
— Substance in solution — Boers Tot Niles After Ratio a 
addition of | addition of 
water water 
(A) (B) 
mg. per cent ce. 
I Fucose 1 0.8 239 141 0.59 
a 2 0.8 490 297 0.60 
Rhamnose 2.5 0.8 614 379 0.62 
Fucose 1 
+ serum albumin 100 0.8 248 147 0.59 
Fucose 1 
+ mannose 10 0.8 236 152 0.64 
II Fucose 1 1.2 224 90 0.40 
es 2 1.2 440 170 0.39 
Rhamnose 2.5 1.2 582 242 0.41 
Fucose 1 
+ mannose 10 1.2 571 245 | 0.43 
III Fucose 1 1.2 219 79 | 0.36 
“ce 5 | | 
| + glucose 10 12 | 216 | 82 | 0.38 
DISCUSSION 


The difference D395 — D4 in the modifications of the cysteine reaction 
of sugars designated previously as CyR; and CyRp is negligible for pen- 
toses, hexoses, hexuronic acids, and 2-desoxyribose and positive for methyl- 
pentoses. This fact is an expression of the shape and position of the peak 
of the absorption curves of the reaction products of these sugars in the 
cysteine reaction. The speed of the disappearance of these products after 
addition of water is a property fundamentally different from those respon- 
sible for the shape of the absorption curves. This property varies strongly 
from one class of sugars to another but not from one individual sugar of a 
certain class to another. It therefore seems improbable that apart from 
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methylpentoses another class of sugars not common in nature should yield 
in the cysteine reaction a compound which behaves like that produced by 
methylpentoses according to two completely different criteria. The iden. 
tification of methylpentose in an unknown solution can, therefore, be con- 
sidered reasonably safe if the unknown shows in the cysteine reaction a 
positive Dsgg — D7 and the decrease of the latter after addition of water 
agrees with that of a methylpentose standard solution. The identification 
becomes still more conclusive if the speed of the breakdown of the reaction 
product in the unknown is measured and found to agree with that of a} 
methylpentose standard after addition of 0.8 cc. as well as 1.2 cc. of water. 


SUMMARY 
A new spectrophotometric test for the detection of methylpentose is 
described. 
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DETECTION AND DETERMINATION OF KETO 
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The present report deals with a new color reaction of ketohexoses and 
ketopentoses, trioses, and glycolic aldehyde, which permits detection and 
under certain conditions quantitative determination of each of these sub- 
stances in the presence of each other. The method is a modification of 
the reaction of sugars and aldehydes with carbazole in sulfuric acid, as 
described previously (1). 


Procedure 


To 1.0 ce. of a solution containing 1 to 50 y of a ketohexose, either in 
free form or in the form of its esters or polymers, or 2 y of triose or glycolic 
aldehyde, is added 0.2 cc. of a 1.50 per cent solution of cysteine hydro- 
chloride. To this 6 cc. of a mixture of 190 cc. of water and 450 ce. of 
concentrated sulfuric acid, ¢.p., are added and immediately afterwards 0.2 
ec. of a 0.12 per cent alcoholic solution of carbazole. The mixture is 
shaken and left standing at room temperature. 


Color Reaction of Various Sugars 


Fructose, fructose mono- and diphosphate, sorbose, and inulin, when in 
suitable concentrations, show a purple color after a few minutes. This 
color increases in intensity for days. Xyloketose gives a similar color 
with a more predominant reddish tint.! Trioses develop a blue color 
which, with solutions containing less than 10 y per cc., becomes visible 
much later than the color appearing with ketopentoses. 


Absorption Spectra 


As can be seen in Fig. 1, the absorption curve of the reaction product of 
ketohexoses has a maximum at 560 my, that of trioses at 650 mu. The 


‘Xyloketose was used in the form of its 1-phosphate ester, prepared by condensa- 
ton of glycolic aldehyde and dihydroxyacetone phosphate in the presence of al- 


_ dolase. We are greatly indebted to Dr. E. Racker of the Department of Micro- 
' biology, New York University College of Medicine, for this preparation as well as 
| for the preparation of glycolic aldehyde. 
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absorption of all these compounds is at a minimum around 420 mu and! 
increases considerably in the ultraviolet region. 


Detection of Fructose and Trioses in Mixtures with Each Other and 
Glucose 


The differences between the position of the absorption maxima of the 
colors from fructose and the lower sugars, and in the speed of their devel. 
opment, permit the detection of all these substances in mixtures with each 
other. The presence of glucose will not interfere with the detection of 
fructose if its concentration in the solution is below 100 y per cc. 
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Fig. 1. Absorption spectra for fructose, xyloketose, and dihydroxyacetone in the 
cysteine carbazole reaction. Curve I, fructose (1 hour) 1 mg. per cent; Curve II, 
fructose (24 hours) 1 mg. per cent; Curve III, xyloketose-1-phosphate (1 hour) 10 
mg. per cent (as phosphate); Curve IV, glycolic aldehyde (24 hours) 1 mg. per cent; 
Curve V, dihydroxyacetone (24 hours) 0.9 mg. per cent. 


1 y of fructose per cc. produces a purple color after only 10 minutes. 
At that time neither the 5-fold amount of trioses or triose phosphate nor 
glucose in concentrations of 100 y per cc. will give any color. If the re 
action mixture is left for 24 hours at room temperature, the blue color of 
triose or triose phosphate develops. If fructose and glucose are present,’ 
the purple color of these substances will prevent the sure detection oi 
trioses with the naked eye. However, their presence can be recognized 
by spectrophotometry. The absorption curve for trioses has a maximum 
at 650 mu, whereas that of glucose and fructose is at 560 my. The dis- 
turbing influence of these two compounds on each other can be eliminated 


lengths, namely 750 and 470 my, and by calculating Dse0 — Dzs50 and 


by measuring the optical density of the unknown at two other wave! 
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u and) Des — Dao. The first difference is zero for trioses and positive for keto- 
| hexoses; the second difference is zero for hexoses and positive for trioses. 
| In this way both compounds can be detected in presence of each other.? 


Specificity of Test for Fructose and Trioses 


of the Aliphatic aldehydes in general will not interfere in the test for fructose 
devel-| or trioses except when the concentration of the first exceeds that of the 
each latter several times. Turbidities or greenish brown colors may then ap- 
ion of} pear. Triose phosphate shows the same reaction as free trioses, although 
the color development is slower. Formaldehyde, glycolic aldehyde, gly- 
oxal, and its homologues (methylglyoxal, hydroxypyruvic aldehyde), how- 
ever, show blue colors in varying shades which develop much faster than 
the color of trioses. After 24 hours the color intensity produced by these 
compounds is comparable to that of trioses. The maximum absorption 
for formaldehyde, glycolic aldehyde, and glyoxal, however, is at 600 muy, 
and that for hydroxypyruvic aldehyde is at 650 my. The presence of 
these substances in mixtures of fructose and trioses therefore will make 
the test impossible in general. 


Quantitative Determination of Fructose and Trioses in Mixtures 


As can be seen in Table I, Ds, — Dzso in the carbazole reaction of fruc- - 
tose and Deso — D4zo in that of trioses are proportional after 24 hours to 
the concentration of these substances, if the concentration of fructose does 
not exceed 10 y and that of trioses 5 y per ce. of the solution. The devia- 

tion from the theoretical value for a concentration of more than 10 y per 
a : ce. of fructose is very slight. The deviation in the case of trioses, however, 
sur) 1, S considerable. The value of Dse0 — Dz0 for fructose is not affected by 
.» cent;| the simultaneous presence of triose if the concentration of the latter does 

| not exceed 2.5 y per cc. Similarly the value of Des0 — Ds for trioses 
is not changed by the presence of up to 5 y per ce. of fructose in the solu- 


nutes. tion. If the concentration of one or both of these two compounds in the 
ve ner unknown is above these limits, the sample must be suitably diluted. If 
‘he ‘©’ the unknown contains only the Harden-Young ester and triose phosphate 
olor O!! ond no significant amount of glucose, it is also possible to determine the 
resent,’ fructose ester by adding NaOH to the unknown up to a final concentration 
ion Ol of 0.5 N and by keeping it for 20 minutes at room temperature. This 
ie eliminates interference by triose phosphate and decreases the color inten- 
imu 

de * The wave-lengths at which the optical density for ketohexoses is identical with 


neta that at 560 mu and for trioses with that at 650 my vary slightly from one set of ex- 
, periments to another but are around 750 and 470 my respectively. It is therefore 


" necessary to find the right wave-length by using a standard solution of fructose or 
50 “ triose. 
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sity of the fructose ester by only 10 per cent. In tissue extracts the con. 
centration of trichloroacetic acid should not exceed 2.5 per cent. 


TABLE I 
Optical Densities at 560, 750, 650, and 470 mp and Their Differences for Various 





















































Substances with Carbazole Reaction 
1 hr 24 hrs, 
:. i] Ss e Se iJ ° Se Se |} ° 
“ent Substance yaaa S Ss As . 3 3 & g S s S g 
MR PS POR a Pe fe I= 
8 | 2 | sx} 8 | # | sxX;| @| € | && 
Q QA 1A Q QA 1A Q Q Q 
mg. per 

cent } 
I | Fructose 0.25 | 35) 0} 35] 67} 7 60) 18} 17) 1 
4 0.50 | 70) 0) 70) 131) 12) 119] 33) 31) 2 
S 1.00 | 139} 0) 139) 246} 11) 235) 58) 56! 2 
II ” 0.50 128 1} 127; 22 23) -! 
Dihydroxyacetone 0.25 441 45) —1| 76) 20) 5 
re 0.125 26] 26) 0} 39 11| ‘2B 

Fructose 1.00 | 
+ dihydroxyacetone 0.250 160} 33] 127; 60) 33 27 
III | Fructose 1.00 | 104; 0) 104) 198} 0} 198] 35) 35, 0 
Glucose 20.00 | 12) 1) 11) 30) —3} 33) 6 6 0 

Fructose 2.00 | 
+ glucose 40.00 | 114 1} 113} 244) 6) 288) 49) 51 -? 
IV | Hexosediphosphate 1.25 | 270| —4) 274] 354) 1) 353) 44| 39 5 
Fructose-6-phosphate 1.25 | 291} —5) 296) 311] 7} 303) 41 48| -7 
V_ | Sorbose 2.00 | 204) 41) 163) 318) 20) 298] 71 69) 2 
Inulin 2.00 | 158] 37) 121) 278] 24) 254 75) 73} 2 
Xyloketose-1-phosphate} 7.00 | 207| 13] 194] 312] 57] 255) 120! 113} 7 
Acetaldehyde 4.00 0; OO}; OF 30) 3] 27; 18) 19) -1 
Formaldehyde 1.80 | 58} 17; 41} 203) 42) 161) 215) 104) = 111 
Isovaleraldehyde 4.50 oj} Oo} OF 1) 6 6b} hU C8] 1 
VI | Glyceraldehyde 1.25 | 40] 40} 0} 140] 138/ 2] 183) 50) 138 
Glucose 250.00 | 75) 10) 65) 545) 57) 488) 140) 138) 2 
Mannose 250.00 | 105; 4) 101) 600} 40) 560) 142 140} 2 
Galactose 250.00 | 150} 10) 140) 510} 29) 481) 115 117 —2 
Adenosine-5-phosphate | 20.00 |—15} —8| —7| 41] 42) —1) 22 36, —14 
Yeast adenylic acid 20.00 | —3} —5) 2) 45; 6) 39) 16) 6) 10 
Rhamnose 100.00 | 158} 4) 154) 810) 0} 810) 45 150| —105 
Ribose 100.00 | 230) 12} 218} 900) 110) 790} 210} 305) —95 
Galacturonie acid 100.00 | 19] 10} 9} 66] 20} 46} 71) 29) 4 
Glycolic aldehyde 1.00 | 140; 108) 32) 140} 50 90| 140) 70) 70 








DISCUSSION 


The carbazole reaction of ketohexoses seems to have certain advantages 
compared with the two colorimetric methods most frequently used. for 
the detection and quantitative determination of ketohexoses; i.c., the di- 
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» eon.| phenylamine reaction (2) and the Seliwanoff reaction as modified by Roe 

(3). If the conditions of the diphenylamine reaction were such that ap- 
proximately the same sensitivity is obtained as in the carbazole reaction, 
fructose was found to be much more affected by the simultaneous presence 
2U8_| of glucose. The ratio of color intensities produced by fructose and glucose 
is about 30:1. Compared with Roe’s modification of the Seliwanoff re- 
action, the carbazole reaction shows a higher sensitivity. The ratio be- 
tween the color produced by fructose and glucose is almost the same with 
the carbazole reaction as that obtained with Roe’s method if the measure- 
| ments of the optical density are carried out after 24 hours, as is necessary 
for quantitative purposes. When used as a qualitative test however, and 
the readings carried out after 1 hour, the carbazole reaction is considerably 
less affected by the simultaneous presence of glucose or other aldohexoses 
in the solution. A further advantage of our procedure seems to be that 
it permits the detection and estimation of triose and triose phosphate in 
the presence of fructose or its esters. Even if the concentration of triose 
in free form or in the form of its phosphate esters exceeds 2.5 y per cc., 
fructose and its esters can still be determined by using an internal stand- 
ard, which will eliminate the error due to the depression of the color pro- 
duced by fructose in the presence of triose or its esters. The presence 
of formaldehyde, glyoxal, and its homologues, as well as glycolic alde- 
hyde and ketopentoses, will in general interfere with the detection and 
determination of fructose by the carbazole reaction. On the other hand 
it is possible to detect the presence of these substances in the unknown 
by their carbazole reaction if the presence of ketoses and trioses can be 
excluded or accounted for. For this purpose a combination of our method 
and Roe’s procedure might be of advantage. 
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SUMMARY 
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1. A new reaction of carbohydrates and ketoaldehydes is described. 
2. The use of this reaction for the detection and quantitative determina- 
tion of these substances is discussed. 
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NEUTRAL MUCOPOLYSACCHARIDE OF THE HUMAN 
CERVICAL MUCUS 


By LANDRUM B. SHETTLES, ZACHARIAS DISCHE, anp MARTHA OSNOS 


(From the Department of Obstetrics and Gynecology and the Department of 
Biochemistry, College of Physicians and Surgeons, and the Sloane 
Hospital for Women, Columbia University, New York, New York) 





(Received for publication, February 14, 1951) 


| The viscosity of the cervical mucus seems to be one of the factors which 
_ determine the ability of spermatozoa to penetrate into the uterine cavity 

(1). In 1928, Kurzrok and Miller (2) reported that the seminal fluid of 

man contains one or more enzymes which decrease the viscosity of cervical 

mucus without proteolysis. Proteins are present in the cervical mucus in 
' aconcentration of about 1 per cent and can therefore barely account for 
its viscosity. The latter could, however, be due to highly polymerized 
carbohydrates. The presence of this type of sugar in the cervical mucus 
was repeatedly observed and reported, but the nature of the sugars was 
not definitely established. Boyland (8) found glucosamine in bovine cer- 
vical mucus, which suggested the presence of a mucopolysaccharide. Vier- 
giver and Pommerenke (4) on the other hand found in human cervical 
mucus an increase in reducing power of the mucus after acid hydrolysis. 
The reducing substance was removed by yeast. As alcohol precipitation 
of the cervical mucus yielded a precipitate which reacted with iodine like 
glycogen, these authors assumed that the mucus contains glycogen. 

New sensitive spectrophotometric micromethods of considerable specific- 
ity for the identification and quantitative determination of various classes 
of sugars and individual sugars in polysaccharides were recently developed. 
We have attempted to identify and quantitatively determine the con- 


stituents of the polysaccharides of the cervical mucus with the aid of these 
methods. 


EXPERIMENTAL 


Material—Pure cervical mucus, not contaminated by cellular elements, 
can be obtained only around the middle of the menstrual cycle. Our 
investigation was limited to the clear limpid midcycle mucus. This was 
obtained by aspiration with a pipette and weighed. The sample was col- 
lected under guidance of a speculum and great care was taken not to con- 
taminate it with the contents of the vagina. The mucus was then thor- 
| oughly mixed with a 9-fold volume of 0.05 n NaOH in which it dissolved 
readily. The identification and quantitative determination of all sugars 
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present in the mucus were carried out in samples pooled from two or three cipitat 
individuals. As the cervical mucus may have contained a significant three 
amount of free glucose, the identification and determination of sugary results 
were carried out on the polysaccharide fraction precipitated from the mucus extent 
by 90 per cent ethanol after acidification with glacial acetic acid. The plete 
precipitate was removed by centrifugation, separated by decantation, and cystelt 
redissolved in 0.05 n NaOH. - the 

Analytical Methods—As a first step in the analysis the total carbohy- tained 
drates in the mucus solution were determined by the indole reaction (5) Table 
and the amount calculated as galactose. This allowed an appropriate contal 
dilution of the mucus for the following analytical procedures. Methyl. glucos 
pentose was detected and determined by its cysteine reaction as described ™ Sar 
previously (6). Ds —D47! in this reaction is a quantitative measure of | V4 2 
the concentration of methylpentose. The identification of methylpentose 
was confirmed repeatedly by measuring the rate of the destruction of the| 
reaction product of methylpentose with cysteine in 4 hours after addition 
of a certain amount of water, as described in a preceding paper (7). The! Val 
presence of keto sugars was then excluded by the reaction with carbazole 
and cysteine (8). The identification and determination of hexoses were Sal 
carried out by three modifications of the cysteine reaction (9). This iden- 
tification was based on the assumption that only the three usual aldohex- 
oses are present in the cervical mucus. The reaction of hexosamines (10)| yy 
with indole in HCl was used for the determination of hexosamine. The} 7 
mucus solution was hydrolyzed for 2 hours with 2 Nn HCl under a reflux} —— 
and neutralized, and hexosamine was determined after deamination by the 
reaction with indole and HCl. Longer hydrolysis did not change the 
values for the concentration of hexosamine. In all these determinations 
internal standards of methylpentose, hexose, and hexosamine were used. | 
The carbazole reaction of hexuronic acids (11) was used as a test for these 
compounds. This test was carried out on mucus diluted 20-fold, which | 
was shown not to depress the reaction of hexuronie acids. To account for 
the absorption due to methylpentose and hexoses present in mucus 4 
standard containing the same amount of these sugars as that present in 
the mucus was run simultaneously with the mucus sample. 
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cipitated polysaccharide of pooled mucus samples collected from two or 
three individuals and kept overnight at 4° in alkaline solutions. The 
results of these determinations are listed in Table I. To ascertain the 
extent to which the precipitation of the polysaccharides has been com- 
plete and whether the mucus contains mono- and oligosaccharides, the 
cysteine reaction for methylpentose and for hexoses was also carried out 
on the original mucus solution, and the results compared with those ob- 
tained with corresponding ethanol precipitates. As can be seen from 
Table I, the polysaccharide fraction precipitated by 90 per cent ethanol 
contains a methylpentose, a hexosamine, and two hexoses (galactose and 
glucose). ‘The amount calculated for mannose was zero in Sample II, and 
in Sample I the value was no more than 8 per cent of the total hexose and 
was not significant. The values for the two other hexoses in Sample III 


TaBLeE I 


Composition of Polysaccharide Fraction Precipitated by 90 Per Cent Ethanol from 
Pooled Samples of Cervical Mucus 


Values in mg. per 100 cc. of the original mucus. 














Rati Ratio | 
Sole pare Galactose| Glucose | Hexosamine gxlactase ste |Total i aga i 
me Renee hexosamine | methylpentose | apis 
I 64.2 134 140 152.5 0.88 2.1 | 351 
II 57.5 176 34 154 1.14 | 3.05 387.5 
UI | 20.4 50 | 29 | | 2.45 | 

















were calculated on the assumption that no mannose is present in the mu- 
cus. The ratio between glucose and galactose varies from one sample to 
another between 1 and 5. This indicates that the two hexoses are con- 
stituents of two different polysaccharides. The galactose-hexosamine ratio 
is very nearly 1, the variations in either direction not exceeding 13 per 
cent. These deviations cannot be regarded as significant. The galactose- 
methylpentose ratio varies in narrow limits between 2.5 and 3.1. 


Comparison of Sugar Content in Original Mucus Sample and in 
Precipitate 


The ethanol precipitation of mucus Samples I and III was carried out 
on a 10-fold dilution of the original sample containing 400 and 140 y per 
ce. of polysaccharide, respectively. Sample II, which originally did not 
differ essentially in its sugar content from Sample I, was diluted 30-fold 
instead of 10-fold for the ethanol precipitation. The ethanol precipitation 
of polysaccharides was complete in Sample I (Table II). In the two other 
more diluted mucus samples 15 to 20 per cent of the methylpentose re- 


Vim 
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mained in solution. The values for unprecipitated hexose were obtainel 
by the cysteine reaction. They were calculated as galactose and corre. 
spond to those for methylpentose. It is clear, therefore, that the cervical 
mucus does not contain any significant amounts of mono- or oligosaccha. 
rides. The carbazole reaction for hexuronic acids, carried out on Sample 
I, diluted 20-fold, with an internal standard of glucuronic acid, failed to 
reveal any significant amount of hexuronic acids. As the carbazole test 
permits the detection of 5 y per cc. of glucuronic acid, this negative result 


TABLE II 


Comparison of Composition of Polysaccharides in Original Pooled Mucus Sample 
and in Corresponding Alcohol Precipitate 























All values in mg. per 100 cc. of the original mucus. 
Methylpentose Total hexose as galactose 
Sample No. 
Original sample | Ppt. Original sample | Ppt. } 
| = peer ae 
I 66.1 | 64.2 414 | 432 
Il 63.6 | 57.5 260 244 
III 24.3 | 20.4 123 108 
TasB_e III 


Content in Methylpentose, Galactose, and Glucose of Individual Mucus Samples 
All values in mg. per 100 cc. of the original mucus. 





























Sample No. Methylpentose Galactose Glucose Ratio eit ane 
I 43.5 89 18 2.05 
II 24 58.5 0 2.44 
Ill 29 71.5 8.5 2.46 








indicates that the amount of polyuronides possibly present in the mucis | 
cannot exceed 5 per cent of the total polysaccharide. 


Methylpentose and Galactose in Individual Mucus Samples 


In addition to the analysis of pooled samples of mucus quantitative | 
determinations of methylpentose, galactose, and glucose were carried out 
on three individual samples of cervical mucus without any alcohol pre- 
cipitation. The results of this series of determinations are presented in 
Table III. Finally, quantitative determinations of methylpentose alone 
and a qualitative test for galactose were performed on nine individual | 
samples of cervical mucus. Methylpentose and galactose were found in 
every one of these samples. 
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DISCUSSION 


Our analytical data show that the content in methylpentose, galactose, 
and hexosamine varies very nearly to the same extent from one mucus 
sample to another. As the ratio of galactose to hexosamine does not 
differ significantly from unity, we can assume the presence of a heteropoly- 
saccharide consisting of a chain of disaccharide units in which | galactose 
is attached to 1 hexosamine molecule. Some of these disaccharide units 
are combined with a methylpentose. Mucopolysaccharides of this type 
are constituents of blood group substances. The content in glucose, on 
the other hand, changes to a very different extent as compared with the 
three other sugars. This fact and the finding by Viergiver and Pomme- 
renke (4) of a polysaccharide giving the iodine reaction of glycogen suggest 
that glucose is present in the mucus in the form of glycogen. As the 
amount of glucose drops in some samples of cervical mucus to less than 
one-sixth of the total content in sugars, it is possible that it is an accidental 


constituent of the cervical mucus, and its presence may be due to con- 


ples 


tose 
entose 














nucus 


tative | 
d out 
| pre- 
ed in 
alone 
vidual | 
ind in 





tamination with contents of the uterine cavity. The heteropolysaccha- 
ride, on the other hand, seems to be an essential constituent, combined 
probably with proteins, to give a mucoprotein of considerable viscosity. 
The great variations in the concentration of the mucopolysaccharide in 
individual mucus samples may be due either to constitutional factors or 
to the fact that the day on which our material was collected did not corre- 
spond in every case to the same point in the menstrual cycle. 


SUMMARY 


1. 75 to 80 per cent of the polysaccharides in human cervical mucus 
from the mideycle consists of a neutral mucopolysaccharide which contains 
as constituents methylpentose, galactose, and hexosamine. 

2. The ratio of galactose to hexosamine is 1:1 and the content of methyl- 
pentose varies between 15 and 20 per cent of the total mucopolysaccharide. 

3. The composition of the mucopolysaccharide is very similar to that 
of human blood group substances. 


BIBLIOGRAPHY 


Shettles, L. B., Obst. and Gynec. Survey, 4, 614 (1949). 

. Kurzrok, R., and Miller, E. G., Am. J. Obst. and Gynec., 15, 56 (1928). 

. Boyland, E., Biochem. J., 40, 334 (1946). 

. Viergiver, E., and Pommerenke, W. T., Am. J. Obst. and Gynec., 54, 459 (1947). 
. Dische, Z., and Popper, H., Biochem. Z., 175, 371 (1924). 

. Dische, Z., and Shettles, L. B., J. Biol. Chem., 175, 595 (1948). 

Dische, Z., and Shettles, L. B., J. Biol. Chem., 192, 579 (1951). 

. Dische, Z., and Borenfreund, E., J. Biol. Chem., 192, 583 (1951). 

. Dische, Z., Shettles, L. B., and Osnos, M., Arch. Biochem., 22, 169 (1949). 
10. Dische, Z., and Borenfreund, E., J. Biol. Chem., 184, 517 (1950). 

ll. Dische, Z., J. Biol. Chem., 167, 189 (1947). 


aoe WH 


So o2o-> 


Vin 








In ¢ 
noadij 
mince 
in tral 
aspart 
Exy 
by rat 
and a 
active 
tamic 
stein 
to its 
peatec 
and f 
activi 
The 
throu 
active 
from 
to a-k 
Gei 
that 
acid i 
mesen 
The 


| possi 





reseal 
is par 


Ip 
| cent | 





a-AMINOADIPIC ACID AS A CONSTITUENT 
OF A CORN PROTEIN* 


By EMANUEL WINDSOR 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, May 22, 1951) 


! Ina study of transaminase systems Braunstein (1) learned that a-ami- 


noadipic acid takes part in transamination. Both pigeon breast muscle 
mince and a purified glutamic transaminase extracted from it were active 
in transferring an amino group from alanine to a-ketoadipic acid. A plant 
aspartic transaminase was inactive with the same substrate. 

Experiments by Borsook and Dubnoff (2) on the synthesis of arginine 
by rat kidney slices showed that, in addition to the activity of glutamic 
and aspartic acids in transferring amino groups to citrulline, lysine was 
active. They suggested at that time that lysine was converted to glu- 
tamic acid. Since aminoadipic acid was active in transamination, Braun- 
' stein suggested (3) that the lysine activity in arginine synthesis was due 
to its conversion into aminoadipic acid. Dubnoff and Borsook (4) re- 
peated their previous experiments using aminoadipic acid as a substrate 
and found that it could aminate citrulline sufficiently well to explain the 
activity of lysine. 

That one path of lysine degradation in guinea pig liver homogenate was 
through a-aminoadipic acid was proved by Borsook et al. (5) using radio- 
active L-lysine as a substrate and isolating radioactive a-aminoadipic acid 
from the reaction mixture. The aminoadipic acid was further degraded 
} to a-ketoadipic acid and glutaric acid (6). 

Geiger and Dunn (7) and Stevens and Ellman (8) independently found 
that aminoadipic acid was unable to replace lysine as an essential amino 
acid in rats and in two bacteria used in bioassays for lysine, Leuconostoc 
mesenteroides and Streptococcus faecalis. 

The occurrence of free aminoadipic acid in biological material raises the 
possibility that this amino acid may be a protein constituent. In the 
research described herein evidence is presented that a-aminoadipic acid 
is part of a natural protein. — 


EXPERIMENTAL 


1 part of protein was hydrolyzed with a minimum of 40 parts of 20 per 
cent hydrochloric acid, under a reflux on an oil bath for 20 hours. To 
*Taken from a thesis in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 
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an aliquot of hydrolysate representing 2.5 mg. were added 9.3 y of radio. 
active a-aminoadipic acid! (130 c.p.m.) and the excess hydrochloric agi 
was repeatedly evaporated in vacuo. Potato starch columns 30 cm. hig) 
were poured according to the directions of Stein and Moore (9); the ky 
beled hydrolysate was taken up in a minimal quantity of 1:2:1 (n-butand 
n-propanol, 0.1 N HCl) solution (10) and then driven into the surface ¢ 
the starch under pressure. A reservoir of 1:2:1 solution was attache/ 
to the top of the column and the column mounted on an automatic frae. 
tion collector adjusted to deliver 0.5 ml. fractions. 





found. 
(12). 
Ana 





Higher 


The odd numbered fractions were analyzed for amino nitrogen by the| mals 


Moore and Stein quantitative ninhydrin method (11) and the even nun. 
bered fractions evaporated to dryness in stainless steel cups under heat 
lamps; the radioactivity was measured with a Geiger-Miiller counter. | 




















TABLE I 
Effluent Ratio on Starch Columns } 

Fraction No. at peak | 
Protein ons | Ratio 

Aminoadipic acid Proline | 
CETL ET IS CO gO RCA RP 89 113 | 0.79 
MRMREEREET ME erty Corot cere 104 130 0.80 
0D. CELE SA Se Ce ae a ae on at 84 106 | 0.79 
OHOVET RV AUTO 05005-6005 hud ares 54 69 | 0.78 
EMRE ae Ni poo Sensi cael eects sony hettaee at, Sears arn WSOC ea ots 0.79 





was noticed that a constant ratio existed between the volumes of eluate 
at the aminoadipic acid peak (located by radioactivity) and the proline 
peak (yellow color with ninhydrin) (Table I). Although the volumes oi 
eluate varied with the salt content of the hydrolysates and the water con- 
tent of the starch, the ratio between the peaks remained constant. Ii 
was possible to conserve the limited supply of radioactive amino acid and 
rely on the position of the proline peak to locate the aminoadipic acid 
peak. 

The proteins shown in Table II were tested for the presence of amino: 
adipic acid. The large majority of those examined showed no aminoadipit 
acid peak greater than could be accounted for by the added radioactive 
tracer. Fig. 1 is typical of the negative results given by these proteins, 
in this case a hydrolysate of crystalline zine insulin to which 50 y of proline 
had been added as a marker. The position of the aminoadipic acid locus 
was calculated from the proline peak. No trace of aminoadipic acid wa‘ 


1 Contributed through the generosity of Dr. H. Borsook and Dr. P. H. Lowy 
The synthesis was previously described (6). 
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radio} fund. Similar results with cholera Vibrio have previously been published 
C acidl (12), 
\. hig! Analysis of Zein—When the amino acids in zein hydrolysates were thus 
‘he |p. 
itanol Tas_e II 
‘ace of Proteins Examined for Aminoadipic Acid 
tachell | ean 
¢ frac. = eco - _— 
Higher ani-| Casein (vitamin-free) Labco 9762 
ry thel mals Gelatin Knox Sparkling 
num: Egg albumin Merck and Company 31047 
r heat Bovine hemoglobin H. A. Itano* 
gs Human serum albumin Fraction V, Harvard Medical School 
or. | “ y-globulin “ II, “ “ “ 
Cytochrome c Nutritional Biochemicals Corporation 
Crystalline zine insulin Eli Lilly and Company 987267 
_ Pepsin, U.S. P. City Chemical Corporation 7626 
Trypsin 
a Pancreatin Eli Lilly and Company 2071-305175 
Erepsin Nutritional Biochemicals Corporation 
Lipase (steapsin) sb t " 
9 Keratin Merck and Company 43196 
30 Higher Gliadin Bios Laboratories, Inc. 
9 plants Zein Nutritional Biochemicals Corporation 
8 1054 
a-Zein Corn Products Refining Company* 
9 g-Zein “ ‘“ “ “ 
Corn glutelin “s “3 s “ 
“pollen H. J. Teas* 
eluate Whole corn seed Cc ¢ 6 
proline Lophophora williamsii Seen pice 
mes ol Corn steep-water Corn Products Refining Company 5203* 
r COD: Urease Nutritional Biochemicals Corporation 
it. It 1607 
ey Tobacco leaf cytoplasmic] S. Wildman* 
id = protein 
ie acid Almond meal 8. B. Penick and Company 
Papain, N. F. Merck and Company 41678 
vmino-| wer —or-| Ricin, ¢.p. Eimer and Amend D29 
vadipic ganisms Cholera Vibrio Eli Lilly and Company E-591* 
Bier: | Escherichia coli A. Siegal 7* 
active Ulva species H. J. Teas* 
oteins, Nereocystis luetkeana nasil ML. 
proline Tobacco mosaic virus S. Wildman* 
1 locus | Neurospora crassa M. Fling* 
‘d wa | Taka-diastase (Aspergillus | Parke, Davis and Company 
| oryzae) | 
Lowy.{ — = 
* Generously contributed. 
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separated by starch columns, there was found 0.07 per cent aminoadipic 
acid (Fig. 2). More highly purified a-zein, soluble over a wide range of 
alcohol-water concentrations, and 6-zein, soluble in 55 to 75 per cent al- 
cohol, differing in their sulfur content, contained no aminoadipic acid. 
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Fig. 1. Starch chromatogram of crystalline zine insulin hydrolysate. Column, 
1 cm. in diameter. Hydrolysate, 2.5 mg. plus 50 y of proline. Aminoadipic acid 
absent. 

Fig. 2. Starch chromatogram of zein hydrolysate. Hydrolysate, 250 mg. Col- 
umn, 8 cm. in diameter. Aminoadipic acid peak at Fraction 72; unknown ninhy- 
drin-reacting substance at Fraction 79. 
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FRACTION NO: 
Fig. 3. Starch chromatogram of 28 day whole corn seed hydrolysate. Hydrol- 
ysate, 10 mg.; aminoadipic acid, 15 y. Column, 1 em. in diameter. 


This suggested that the aminoadipic acid previously found in zein had 
been present as an impurity and that other protein fractions from corn 
might contain it in larger amounts. Accordingly, a sample of 28 day 
whole corn seed was hydrolyzed with hydrochloric acid and on analysis 
for aminoadipic acid was found to contain 0.15 per cent (Fig. 3). 
Analysis of Corn Seed Proteins—A 3 gm. sample of 28 day whole corm 
seed ground to 40 mesh in a Wiley mill was extracted for 18 hours with 
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ether in a Soxhlet apparatus. The residue, insoluble in 10 per cent tri- 


dipi 
chloroacetic acid, was dialyzed for 48 hours against four changes of dis- 
































ge of Prat ; ; , , 
“an tilled water until no more diffusible ninhydrin-reacting material came 
aciq | tough the cellophane sac. The material in the dialysis sac was then 
‘| fractionated by the Zeleny method (13), with the following modifications: 
each extraction was made with constant shaking for 3 hours and allowed 
Tas_e III 
Fractionation of 3 Gm. Sample of 28 Day Ground Whole Corn Seed 
— | Soluble in | Total nitrogen |  Protein* | P —<— | P oe 
coe | 
= 
- | | | mg. mg. per cent per cent 
1 Water 11.4 71.0 24.0 | 2.4 
2 | n NaCl | 2 | "ee? ee lee 
a. | 80% ethanol | 4.5 | 28.4 | 9.6 1.0 
ae 0.2% NaOH 10.4 | 65.3 22.1 2.2 
—z,| 5 | Insoluble 18.2 | 113.7 38.5 3.8 
eee eS 47.2 | 295.4 | 100.0 , 10.0 
ylumn,} + The factor 6.25 was used for the calculations. 
¢ acid 
20, 
Col- 2 
ninhy- © 151 8 
5 = 
s & ~ 
= pat. = 
_” 2 § 
8 2 g 
@ 05} z i 
= 
o 
© 96> 70 80 30 100 10 
FRACTION NO- 


Fig. 4. Starch chromatogram of water-soluble corn seed protein. Concentrated 
eluate from 71 mg. of hydrolysate on medium column in aminoadipic acid region 
put on 25 mg. starch column. Aminoadipie acid, 43 y, 0.06 per cent. Unknown 
substance at Fraction 89. 


lydrol} ‘9 stand 21 hours longer in the refrigerator, the insoluble residues were 
washed with 100 ml. of the extracting solutions, the 80 per cent alcohol 
n had} Was used cold, NaOH was used for the glutelin fraction instead of KOH. 
, corn|fach fraction was hydrolyzed with hydrochloric acid and nitrogen deter- 
& day|Mimations were made by micro-Kjeldahl and direct nesslerization (Table 
ralysis | Il). 

Each fraction was then analyzed for aminoadipic acid. The water- 
e corm |~luble non-dialyzable fraction contained 0.06 per cent (Fig. 4); the other 
s with}*actions had no aminoadipie acid. 
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Fractionation of Corn Steep-Water Concentrate—Since corn steep-wate 
concentrate, a by-product of the corn-milling industry, was available ay 
a good source of the water-soluble portions of corn seed, a quantity wa 
obtained? and analyzed for nitrogen, ash, and moisture (Table IV). Thy 
values obtained are in fairly good agreement with those of Cardinal ay 
Hedrick (14). 

A 100 mg. aliquot (wet basis) of the steep-water was hydrolyzed wit 
hydrochloric acid, and 18.6 y of radioactive aminoadipic acid (260 e.p.m, 
were added as a marker and analyzed on a starch column. The radic 





active peak in the eluate contained 132 y of aminoadipic acid excess, « 
0.13 per cent of the steep-water. 


TABLE IV 
Per Cent Composition of Steep-Water Concentrate 
Specific gravity 1.25; pH 3.9. 





Cy <1 Se oc a eee gre re 5 
AMAA BY MRI Binet nds d Sasha gala ieibiad athlon ommenigel Senha | 1 
Total N, dry basis 





TABLE V 
Distribution of Aminoadipic Acid in Steep-Water Fractions 








Fraction | Aminoadipic — per cent we 
| 
Re ele 5s, Boh a ti ON deh. op signin doa wean 0.13 
MES NANO DERE ES) © os hos, ort! este Nas 6G sce meme Daw er 0.08 
MRR Sirs tie a cen Sea eg Ae UN So 8 ons 5k at LenB el | 0.05 


Non-dialyzable, non-protein. .... «...6.0 56. cee ee ge needs | <0.01 


An unhydrolyzed 100 mg. aliquot was similarly analyzed and found t 
contain 72 y excess or 0.07 per cent free aminoadipic acid. 

The steep-water was fractionated to determine the distribution of am: 
noadipic acid (Table V). 


Protein Fraction—70 gm. of steep-water were precipitated with trichlo 


roacetic acid having a final concentration of 10 per cent; the precipitat 


was washed with water, acetone, and ether. The protein was hydrolyze 


with hydrochloric acid and on analysis on a starch column was found t 
contain 0.05 per cent a-aminoadipic acid. 

Non-Protein, Non-Dialyzable Fraction -The filtrate and washing from 
the protein precipitation were combined, the volume was reduced tn vacul 
and the solution placed in a dialysis sac. Dialysis was carried out at 4 


2 Generously contributed by A. L. Wilson of the Corn Products Refining Com 


pany, Argo, Illinois. 
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against four changes of distilled water containing 0.1 per cent phenol to 
prevent bacterial action. The contents of the sac were hydrolyzed with 
hydrochloric acid and analyzed after reduction in volume. 

Free Amino Acid—The dialysate was reduced in volume, and an aliquot 
representing 200 mg. of steep-water was analyzed. Free a-aminoadipic 
acid amounted to 0.08 per cent. 

Isolation of Aminoadipic Acid from Steep-Water Protein—A 2 kilo quan- 
tity of steep-water (wet weight) was diluted to 4 times its volume and 
strong sodium hydroxide solution added with stirring until the pH was 
raised to 5.0. The protein was precipitated by boiling the solution for 
30 minutes with constant stirring to prevent bumping, and then allowed 
to cool to room temperature. The coagulated protein was filtered on a 
large Biichner funnel and washed with copious quantities of water, alcohol, 
and ether. The protein was dried to constant weight; yield, 73 gm., 3.7 
per cent. Protein tests with the Millon and the Hopkins-Cole reagents 
were positive, as were the xanthoproteic reaction and the biuret test. 

The protein was ground to a powder in a mortar, placed in a 3 liter 
round bottomed flask, and hydrolyzed with 1 liter of 20 per cent hydro- 
chloric acid for 20 hours on an oil bath. Excess hydrochloric acid was 


| repeatedly evaporated in vacuo. The dicarboxylic amino acids were pre- 


cipitated twice as the calcium salts according to the method of Chibnall 
eal. (15). The calcium salts were dried and weighed; yield, 14.7 gm., 
0.74 per cent. 

The calcium salts were dissolved in water and calcium was removed 
with saturated oxalic acid. The filtrate and washings were reduced to 
120 ml. A 15 ml. aliquot, to which had been added 93 y of radioactive 
aminoadipie acid (1300 ¢.p.m.), was placed on a Dowex-50 column, pre- 
pared according to Stein and Moore (16), and eluted with 1.5 n HCl for 
% hours and 2.0 n HCl for 48 hours on an automatic fraction collector 
adjusted to deliver 10 ml. fractions. Aliquots of 0.5 ml. were taken from 
every alternate fraction and analyzed by the quantitative ninhydrin 
method to locate the peaks. Further 0.1 ml. aliquots of the fractions 
‘ontaining the ninhydrin-reacting material at the peaks were chromato- 
gaphed on paper by the Williams and Kirby technique (17). Each peak 
vas also tested for radioactivity. Thus it was learned that the amino- 
ipic acid was eluted immediately after glycine and before alanine, over- 
apping both of these amino acids (Fig. 5). 

In this way the entire 120 ml., containing 650 y of radioactive amino- 
wipie acid (9100 ¢.p.m.), were passed through eight Dowex-50 columns 
ind all the fractions containing radioactive material were pooled. The 
vlution was evaporated to dryness tr vacuo, taken up in 1:2: 1 solution, 
ind placed on a | kilo starch column; 15 ml. fractions were collected on 
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the automatic fraction collector. Aliquots of 0.1 ml. were analyzed {o 
amino nitrogen and radioactivity (Fig. 6). A single sharp peak was ob. 
served when the ninhydrin values and the radioactivity coincided. Ther 
was no overlapping with other ninhydrin peaks, and the other peaks con. 
tained no radioactivity. The a-aminoadipic acid in the peak equale( 
17.5 mg. 

Crystallization of Aminoadipic Acid—All the fractions in the peak were 
pooled and evaporated to dryness several times with additions of water 
to remove excess HCl. The residue was transferred to a beaker in 2 ml 
of water and allowed to crystallize by evaporation in a desiccator. The! 
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Fig. 5. Dowex-50 chromatogram of hydrolyzed steep-water protein concentrate 
15 ml. aliquot of concentrate plus 93 y of radioactive aminoadipic acid (1300 e.p.m.) 
Column, 85 em. high and 2.3 cm. in diameter. 

Fic. 6. Dowex-50 chromatogram of steep-water protein concentrate. 253 gm 
of protein hydrolyzed, concentrated by Chibnall method (15), and passed through 
eight Dowex-50 columns. A 1 kilo starch column plus 650 y of radioactive amino- 
adipic acid (9100 ¢.p.m.). 


crystals which appeared were too hygroscopic to weigh; therefore it was 
necessary to make the free amino acid. 

2 ml. of water were added, and the solution was titrated to pH 3.1 with 
3 .N ammonium hydroxide, 0.07 ml. being required. Electrodes and stirrer 
were washed with a small amount of water, and the washings added to 
the solution. ‘To remove the yellow color 5 mg. of acid-washed norit 
were added to the solution and stirred for | hour. The norit was filtered 
and washed with a small amount of water. 

The colorless aminoadipic acid solution was evaporated to 0.5 mil.; 3 mil. 
of 95 per cent alcohol were added and the precipitate which appeared was 
allowed to stand overnight in the refrigerator. The crystals were cen 
trifuged, washed with small portions of 95 per cent alcohol and ether, and 
dried in air; weight 11.1 mg., specific activity 218.6 ¢.p.m. 
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d fo} 5 mg. of the crystals were redissolved in a small amount of water, 5 mg. 
Pr ob of norit again added, and the solution was heated, with occasional stirring, 
Cher} sr 1 hour. The solution was filtered, filtrate and washing were reduced 
COL! in volume to saturation, and 3 ml. of aleohol were added. The alcoholic 
ualed} slution was heated to boiling and allowed to cool in the refrigerator over- 
| night. The crop of crystals was filtered, washed with small portions of 
Welt! sleohol and ether, and dried; weight 3.0 mg., specific activity 245 c.p.m. 
Vale The melting point on an aluminum block was 206° with decomposition; 
| nixed melting point with an authentic sample, 204-205° with decomposi- 
af 


tion. 


Analysis—CeH,,0.N (161.17). Calculated. C 44.72, H 6.88, N 8.70 
Found. “© 44.87, ‘© 6.97, ** 8.81 
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Fic. 7. Titration of aminoadipic acid with standard alkali. 0.05 mm of isolated 
trate.) sminoadipie acid dissolved in 1.3 ml. of water and titrated with 0.1112 n NaOH. 
p.m. } 


pH determined by Beckman pH meter with glass and calomel electrodes. 


3 gm} Titration CurveIsolated aminoadipic acid (0.05 mm) was dissolved in 
roug! 13 ml. of water, titrated with 0.106 N HCl to pH 1.5 with a Beckman pH 
ee) meter, and then to pH 11.6 with 0.1112 n NaOH (Fig. 7) 

The pK values were determined by the following methods: (a) The 
Was} mid-point between inflection points on Fig. 7 was taken as the pK: pky, 
pKs, and pK;. (b) ApH was plotted against the constant increase of 
with} standard alkali, and the pK taken as the smallest value of ApH: pk. and 
tirrer} pKs. (ec) pK, (Table VI) was calculated from an equation given by 
ed to} Schmidt (18): pK, = pH — log (C,/(A — (H*))— 1), where A is concen- 
norit} tration of acid and C is concentration of aminoadipie acid. 

tered} The ionization constants were pK, 2.14, pK: 4.21, pK; 9.77, and pl 3.18. 
Neurospora Growth—A Neurospora crassa mutant (strain 33933) grows 
3 ml.| on L-a-aminoadipie acid as well as L-lysine. However, growth on amino- 
| was} adipic acid is inhibited by the presence of asparagine, while growth on 
cen} lysine is stimulated by this amide (19). Flasks containing 20 ml. of mini- 
, and} mal medium plus varying amounts of the isolated aminoadipic acid were 
inoculated with a suspension of conidia of mutant 33933. ‘To one flask 
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was added asparagine. The mold was allowed to grow for 4 days at 25°.| 


At the end of this time the mycelia were dried and weighed (Table VII) 


Analysis of Taka-diastase—A 10 mg. sample of taka-diastase (an en. 
zymatically active extract of Aspergillus oryzae) was hydrolyzed with HO) 


TaB_e VI 


pK, of Aminoadipic Acid 
0.05 mm of aminoadipic acid in 1.3 ml. of water, titrated with 0.106 n HCl; pi 
values from Beckman pH meter with glass and calomel electrodes. 









































HCl pH pKi HCl pH pKi | HCl pH 
ml. ; ae ml. ae ml. oa 
0.12 2.70 2.09 0.32 2.20 2.15 0.54 1.89 
0.14 2.62 2.09 0.34 2.18 2.19 0.58 1.83 
0.15 2.60 2.11 0.36 2.15 2.20 0.62 ler 
0.16 2.58 2.13 0.38 2.11 2.18 0.70 1.70 
0.18 2.52 2.14 0.44 2.03 2.22 0.74 1.68 
0.20 2.44 2.10 0.48 1.97 2.23 0.78 1.65 
0.24 2.36 2.14 0.50 1.92 2.15 0.90 1.58 
0.30 2.23 2.14 | 

IPRS a cis sleepers leah trash Hcsc ear Rca Smee ea are NOt Cardia 

TaBLE VII 


Growth of Neurospora Mutant 33933 on Isolated Aminoadipic Acid 

20 ml. of minimal medium plus isolated aminoadipic acid autoclaved for 15 min-| 
utes at 20 pounds pressure, cooled to room temperature, and inoculated with 2 drops | 
of a suspension of conidia of mutant 33933 in water. 


hours at 25°, dried, and weighed. 


pKi 





2.20 
2.15 
2.06 
2.14 
2.09 
2.07 
2.07 


Mycelia allowed to grow for 9 











Aminoadipic acid Mycelium 

mM mg. mg. 
0 0 0 
0.0025 0.40 0.6 
0.005 0.80 4.2 
0.01 1.61 13.9 
0.015 2.41 27.8 
0.02 3.22 41.0 

0.005 + 0.02 mm asparagine 0 








Radioactive aminoadipic acid (9.3 y, 130 ¢.p.m.) was added as a marker 
and the hydrolysate was analyzed on a starch column. 
reacting material at the peak which coincided with the radioactivity con- 
tained 37 y of aminoadipic acid in excess of the added marker, or 0.3/7 


per cent. 


The ninhydrin- 


A larger sample was dialyzed for 48 hours against running 


water; non-dialyzable material was hydrolyzed with HCl and analyzed on 
a starch column. 


No trace of aminoadipic acid was found in this fraction. 
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25°, DISCUSSION 
VII), 
1 en- 
HCL. 


The discovery of a-aminoadipic acid as a constituent of a protein in 
corn steep-water by means of starch chromatography and confirmation of 
its presence there by isolation of the amino acid are a tribute to the pre- 
cision of this chromatographic method. While the water-soluble protein 
in corn seed may not be the same as the protein in steep-water, the chro- 
1; pH matographic data show that a-aminoadipic acid is also present in the 
natural seed protein. The nature of the linkage is unknown. Adsorption 
of free amino acid can be ruled out by the prolonged dialysis to which the 
protein was subjected. Secondary changes of lysine in protein as an ex- 
planation, while a possibility, are not likely, since all the proteins examined 
20 were treated to the same conditions and only the corn proteins, in seeds 
ee and in steep-water, showed the presence of a-aminoadipic acid. 
ie Evidence was seen of an unknown ninhydrin-reacting substance (Fig. 4) 
, 99 » in water-soluble corn seed protein and in the corn steep-water hydrolysate. 
07 The mobility of this substance on a starch column differs from anything 
».07 _ previously described. 

The presence of free a-aminoadipic acid in the extract of A. oryzae (taka- 
¥ 4 diastase) suggests that further investigation of the mold should be under- 
taken. 


pKi 


SUMMARY 


min.|  hirty-five proteins or protein-containing materials were analyzed for 
drops} o-aminoadipic acid by chromatography on starch columns. Of these ma- 
for%| terials corn seed, corn steep-water, and taka-diastase (Aspergillus oryzae) 
were shown to contain free a-aminoadipic acid. 

As a protein constituent aminoadipic acid was found in a water-soluble 
—j| corn seed protein and was shown to be present in corn steep-water protein 
by its isolation from a hydrolysate. Its identity with the synthetic amino 
| acid was proved by elementary analysis, mixed melting point, chromato- 
graphic behavior on both starch and Dowex-50 columns, use as a growth 
substance for a Neurospora crassa mutant which requires it for growth, 
and inhibition of this growth by a specific inhibitor. 

The ionization constants for the isolated aminoadipic acid in water were 
determined. 

An unknown ninhydrin-reacting substance was found in the water-solu- 


——— 


arker ble corn seed protein and in corn steep-water. 
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a-AMINOADIPIC ACID AS A PRECURSOR TO 
LYSINE IN NEUROSPORA* 


By EMANUEL WINDSOR 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, May 22, 1951) 


In a recent investigation reported by Mitchell and Houlahan (1) it was 
shown that a mutant strain of Neurospora crassa, strain 33933, was able 
to utilize a-aminoadipie acid in place of lysine. Although these authors 
interpreted their results as showing that a-aminoadipic acid was a pre- 
cursor in the biosynthesis of lysine by Neurospora, other pathways are 
conceivable. 

During the isolation of e-aminoadipic acid from a natural protein radio- 
active a-aminoadipic acid was added ¢3 a marker for chromatographic 
analysis (2). In order to identify the isolated amino acid an aliquot was 
provided as a growth substance for the Neurospora mutant 33933. Thus 
the opportunity was available to follow the radioactivity and determine 
whether or not a-aminoadipic acid was a precursor to lysine. 


EXPERIMENTAL 


The e-C¥-q@-aminoadipie acid! diluted with isolated a-aminoadipiec acid 
had an activity of 265 ¢.p.m. per mg. (corrected) or 42.7 ¢.p.m. per uM. 
Varying quantities, totaling 8.6 mg., were added to 20 ml. each of minimal 
medium in flasks to obtain a growth curve with Neurospora mutant 33933 
Fig. 1). The pooled mycelia, weighing 87.5 mg., were ground to a pow- 
der and hydrolyzed with 40 ml. of 20 per cent HCl on an oil bath for 20 
hours, and the excess HCl was repeatedly evaporated zn vacuo. The 
syrupy hydrolysate was made up to 0.6 ml., and an aliquot of 0.2 ml. was 
put along the bottom of a sheet of Whatman No. | filter paper, according 
to the ascending technique of Williams and Kirby (3). Spots of a-amino- 
adipic acid and lysine were also put on both sides of the hydrolysate, and 
the chromatogram developed for 16 hours with phenol saturated with 
water. The paper was dried at 100° and that part containing the known 
lysine and a-aminoadipic acid, as well as the edge of the part containing 
the hydrolysate, was sprayed with 0.1 per cent ninhydrin solution in bu- 
tanol saturated with water. The color was developed at 100° ford 
minutes. 


* Part of this work was taken from a thesis in partial fulfilment of the require- 


nents for the degree of Doctor of Philosophy. 
‘Generously contributed by Dr. H. Borsook and Dr. P. H. Lowy. 
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That part of the paper containing lysine from the hydrolysate was ey jor radi 
out, the lysine eluted with several small portions of water, and the specify oun P 
activity of the lysine determined. Microbiological assay? of the lysir 
with Leuconostoc mesenteroides, which has been shown to be unaffected b) 
the presence of a-aminoadipic acid (4, 5), and use of a Geiger-Miilk Since 
counter gave a specific activity of 306 c.p.m. per mg., or 44.7 c.p.m. pe tivity 2 
uM. Within experimental error the activity was identical with that ¢ alternat 
the a-aminoadipic acid used, 42.7 c.p.m. per pM. interpre 

That region of the paper chromatogram containing a-aminoadipic ati The 
was cut out, the amino acid eluted with small portions of water, and th eC of 
water evaporated. The residue had only 9.5 ¢.p.m. (corrected), corre 1% 2 
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Fig. 1. Growth curve of Neurospora mutant 33933 on a-aminoadipic acid. The! §, Mo 
quantities indicated were added to 20 ml. of minimal medium, autoclaved, inocu-| 7, Mo 
lated with a suspension of conidia in water, and allowed to grow for 96 hours at 25° 


sponding to 0.11 mg. of a-aminoadipic acid or less than 1.3 per cent o 
that provided. 

Since the lysine accounted for only 27.2 per cent of the radioactivity 
originally present in the a-aminoadipic acid, an attempt was made t 
determine whether other amino acids had taken up any counts. A stare 
column was prepared by the Moore and Stein method (6) and 0.15 ml. of 
hydrolysate put on the column in 1:2:1 solution. The column was placed 
on an automatic fraction collector adjusted to deliver 0.5 ml. fractions, 
and a reservoir of 1:2:1 solution was placed above the column. At the 
aspartic acid locus the reservoir was changed to a 2:1 solution. Odd 
numbered fractions were analyzed by the Moore and Stein quantitative 
ninhydrin method (7). At the ninhydrin peaks the even numbered frac- 
tions were evaporated to dryness in steel cups and the residue was tested 





2? The bioassays were performed by Dr. S. C. Shen. 
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for radioactivity. Only in the lysine peak was significant radioactivity 
found. 


DISCUSSION 


Since the lysine formed by the mutant had the same level of radioac- 
tivity as that provided by the a-aminoadipic acid, it is evident that no 
alternate pathway for lysine synthesis was being used. This confirms the 
interpretation of Mitchell and Houlahan previously cited. 

The lack of radioactivity in the other amino acids means only that the 
-0" of the aminoadipic acid was not used for amino acid synthesis and 
does not rule out utilization of the rest of the carbon chain for this 
purpose. 


SUMMARY 


1. a-Aminoadipic acid is a precursor for lysine synthesis in Neurospora 
crassa. 

2. The e-carbon atom of a-aminoadipic acid does not appear in other 
amino acids. 
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BIOTIN-LIKE ACTIVITY OF POSITIONAL AND STEREO- 
ISOMERS OF OCTADECENOIC ACIDS 


By AMBER L. 8. CHENG, SAMUEL M. GREENBERG, anp 
HARRY J. DEUEL, Jr.* 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles, California) 


AnD DANIEL MELNICK 


(From the Research Laboratories, The Best Foods, Inc., Bayonne, New Jersey) 
(Received for publication, January 24, 1951) 


A number of microorganisms have been investigated which require some 
particular fatty acid in addition to biotin as a growth factor (1-6). On 
the other hand, a large group of organisms are able to utilize certain fatty 
acids in place of biotin in the medium (7-11). Axelrod and coworkers 
(12, 18) reported that the saponifiable fraction from blood plasma possesses 
high biotin activity. This extract was later shown (Axelrod et al. (14)) to 
be composed of oleic, linoleic, arachidonic, and saturated acids; the latter 
exhibited no biotin-like activity for microorganisms but greatly enhanced 
the response to the unsaturated fraction. Trager (15) found that this 
lipide fraction of plasma, when injected into chicks, reduces the severity 
| of dermatitis caused by a biotin deficiency induced by feeding a diet high 
in raw egg white. This biotin-sparing activity of the plasma lipide could 
not be duplicated by the injection of oleic acid, nor could it be brought 
about by the oral administration of the fat-soluble material from plasma. 
Trager (16) later reported that the larvae of the mosquito, Aedes aegypti, 
require biotin in their medium; however, oleic acid and the lipides of 
plasma possess biotin-sparing activity for this organism. Several studies 
have demonstrated that simple replacement of biotin by fatty acids has 
not occurred, since powerful biotin inhibitors in the experiment reported 
have not prevented the growth of organisms in which biotin has been re- 
placed by aspartic acid and certain lipides (17-19). 

The present investigation was undertaken to determine the relative bi- 
otin-like activity of the positional isomers and stereoisomers of oleic acid 


* The experiments were carried out under a research grant from The Best Foods, 
Inc. We wish to thank Professor A. J. Carlson of the University of Chicago, Pro- 
fessor Arthur W. Thomas of Columbia University, and Dr. H. W. Vahlteich of The 
Best Foods, Inc., for their advice during the course of the experiments. Presented 
before the American Society of Biological Chemists at Cleveland, Ohio, April 30, 
1951. 

Paper No. 273 of the Department of Biochemistry and Nutrition, University of 
Southern California School of Medicine. 
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as demonstrated by an effect on acid production by Lactobacillus arabj} per mé 
nosus. Oleic acid isomers are known to be produced on hydrogenation ¢f eral st 
the vegetable oils and may, under certain conditions, be present in coy tube. 
siderable amounts. Determinations of the biotin-like potency of seven, level. 
samples of mixed fatty acids from such hydrogenated fats and from limp was a 


vegetable oils are also included. and d 
| biotin 
EXPERIMENTAL F thus, 


Procedure for Microbiological Assays—The biotin activity was determine The * 
by measuring the acid formation, by the use of L. arabinosus 8014! with; straig 
few modifications being employed (20). To prepare the medium, 7.8 gm| differ 
of a special biotin-free medium? were dissolved in 88 ml. of distilled water) biotit 
and 12 ml. of 10 per cent vitamin-free casein hydrolysate were added’! final 
In carrying out the assays, 5 ml. of the above medium were added to each of th 
culture tube and the final volume was adjusted to 10 ml. The stock cul at 3 
ture of the organism was maintained on micro tomato agar (Difco) stabs St 
The inoculum was prepared by transferring the organisms from a 24 houw| by f 
stab on tomato juice agar to a micro inoculum broth (Difco) and incubat-) were 
ing at 30-32°. After 24 hours, the organisms were washed and suspended! _lizec 
in normal saline. ~ unt 

The media with or without biotin were autoclaved at 15 pounds pressur| § 
for 15 minutes. After the tubes had cooled to room temperature, steri-\ tran 
lized fatty acids alone or sterilized fatty acid biotin mixtures to be tested) Pro 
were added, aseptically dissolved in volumes ranging from 0.03 to 0.1 ml.| for 
of redistilled 95 per cent alcohol. Previous investigations (14, 21), as} par 
well as our own control tests, demonstrated that 0.1 ml. of alcohol per} Th 
tube has no effect on the growth of our organism whether stimulated by | bee 
biotin or by oleic acid. (ol 

The microbiological assays were performed by the usual multiple assay } {ro 
procedures. The assay was carried out over a range of growth-stimulating} 
concentrations that gave approximately straight line curves when dosage } We 
of the test material was plotted against acid formation. The biotin-like } Fo 
activity of the various lipides was calculated from a standard curve which | 
was simultaneously determined and expressed as millimicrograms of biotin | th 








1 American Type Culture Collection number. 

2 H. M. Chemical Company, Ltd., Los Angeles, California. Each ml. had the fol- 
lowing composition in mg. (includes added casein hydrolysate): glucose 49.6, sodium 
acetate 24.8, casein hydrolysate 12.4, .-cystine 0.24, pL-tryptophan 0.24, K,HPOy | 9! 
3H20 1.24, KH2PO, 1.24, MgSO,-7H20 0.48, FeSO,4-7H2O 0.024, MnSO,-4H,O 0.024, | ty 
adenine sulfate 0.012, guanine hydrochloride 0.012, uracil 0.012, xanthine 0.012, 
thiamine hydrochloride 0.0024, niacin 0.0024, calcium pantothenate 0.0024, ribo- 
flavin 0.0024,pyridoxine hydrochloride 0.0046, p-aminobenzoic acid 0.00024. " 

3 Nutritional Biochemicals Corporation. ¢ 
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8 arab} per mg. of substance. The dosages of the fatty acids used for each gen- 
ation q! eral study were 0, 12, 20, 32, 40, 50, 70, 100, 160, 200, 300, and 400 y per 
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tube. The straight part of the curve usually fell within the 12 to 70 y 
level. The study of the effect of biotin on the activity of the fatty acid 
was accomplished by making concentrated solutions of the acid plus biotin 
and diluting so that for each level of acid there was a constant ratio of 
biotin to acid. The ratio was 1,000,000 parts of acid to 5 parts of biotin; 
thus, at 100 y acid concentration, the amount of biotin was 0.5 mygm. 
The values reported are averages of the stimulating activities within the 
straight line part of each curve. More than one assay was carried out on 
different days for each acid tested, except for cis-8-octadecenoic acid with 
biotin, in which case only one multiple level assay was performed. As a 
final step, the tubes were inoculated with 1 drop of the saline suspension 
of the organism. ‘Tubes were well mixed by shaking and were incubated 
at 30-32° for 48 hours. 

Sterilization of Fatty Acids—The fatty acids to be tested were sterilized 
by filtration through ultrafine sintered glass. In cases in which fatty acids 
were tested with biotin, the solution of the mixture of the two was steri- 
lized by the same process. The glass filters were washed with the solvent 
until the original volume of solution was recovered. 

Sources and Properties of Fatty Acids—Most of the samples of cis- and 
trans-octadecenoic acids were prepared by Dr. W. Frederick Huber of The 
Procter and Gamble Company. All the cis acids were synthetic, except 
for cis-6- and cis-9-octadecenoic acids, while all the trans acids were pre- 
pared from the corresponding cis compounds by selenium elaidinization. 
The method of synthesis and the physical properties of these acids have 
been reported by Huber (22). The samples of cis-9-octadecenoic acid 
(oleic) and cis-9 ,10-, cis-12 , 13-octadecadienoic acid (linoleic) were obtained 
from The Hormel Foundation. 

The fatty acid mixtures, prepared from natural and hydrogenated fats, 
were furnished us by members of the Research Laboratories of The Best 
Foods, Inc. A comparison of the saponification and acid values of the 
original triglycerides and of the fatty acids prepared from them indicated 
that complete saponification had been effected. 


Results 


The biotin-like activities of various cis acids tested alone and with sup- 
plementary biotin are listed in Table I. Corresponding values for the 
trans acids are given in Table II. 

No great differences in biotin-like activity were noted for any of the 
cis-octadecenoic acids tested, although the cis-8 acid possesses a statisti- 
cally higher activity than any of the other acids. In confirmation of the 
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results of Axelrod et al. (14), our linoleic acid showed less response thay 
did oleic acid and gave approximately the same potency reported by thes 
earlier workers. The responses following the administration of biotin with 
the fatty acids are additive; that is, the biotin plus the fatty acid, at the 
various levels fed, was equivalent in activity to the sum of the activitig 


TaBLeE I 
Biotin-Like Effect of cis-Octadecenoic Acids and Linoleic Acid Alone and with Biotin; 


L. arabinosus Assay 

















Biotin equivalent mgm.) per | Biotin eauivalent (mys) 
Fatty acids M.p. | eee ini. ee 
Individual tests ey Individual tests eo 
°C. | 
cis-6-Octadecenoic | | 
1 [SR eA re 29 .8* 11.2 (8); 11.8 (5); |11.6) 13.2 (4); 11.6 (6) 112.4 
| 11.9 (7) | 
cis-8-Octadecenoic | | 
atari sie 22.7-23.8*| 15.3 (8); 14.1 (8) ie 7| 13.4 (6) 13.4 
cis-9-Octadecenoic | | 
Ws eh 13.0 /9.9 (7); 10.5 (6); 10.3| 9.7 (8); 10.8 (4) 10.2 
| 10.5 (7) | | 
cis-11-Octadecenoic | 
Cc |e 13.0-14.0* 10.8 (6); 12.7 (5); 12. 0 12.4 (6); 11.2 (5); {11.4 
12.5 (6) | | 10. (7) 
cis-12- Octadecenoic | | | 
pas | 26.8-27. 6 10.9 (5); 10.9 (7); 10.8 13.4 (7); 13.4 (7) 13.4 
| | 10.6 (7) _ | 
cis-9,10-, cis-12,13- | | } | 
Octadecadienoic | | } | 
a re | =5 | 5.0¢ (8); 5.8f (8); | 5.3. 8.6 (7); 6.6 (8); 5.6 | 6.9 
5.2f (8) | (8) 





The figures in parentheses indicate the number of levels averaged for each multi- 
ple level assay. 

* Data from Huber (22). 

t Average of all values. The response, calculated to a common dilution, de- 
creased uniformly from lowest to highest concentrations. 


of the two supplements when administered separately. Some synergistic 
stimulation was observed with the cis-12-octadecenoic acid and biotin sup- 
plement, as well as with the linoleic acid and biotin supplement. 

The trans-octadecenoic acids (Table II) reacted quite differently. The 
trans-9-octadecenoic acid (elaidic) possessed the greatest biotin-like effect 
(11.4 and 9.6 mugm. per mg. of acid for two samples of independent ori- 
gin). From position 9, at which the unsaturation is moving on either 
side toward the end carbon atoms, the biotin-like potency of the trans acids 
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decreased in step-like fashion until no or very little measurable activity 
remained. 











TaBLeE II 
Biotin-Like Effect of trans-Octadecenoic Acids Alone and with Biotin; L. arabinosus 
Assay 
en c | Biotin equivalent (mugm.) per 
| | Biotin — (aegm) Eee mg. fatty acid when mixed with 
| | 8. y | biotin 
Fatty acids | Mp. = | - 
ee |Aver-| +e e Aver- 
| Individual tests | age | Individual tests age 
| | | 
a : : coors ae = 
| °C. | | 


| 


trans-6-Octadecenoic | | 
0.4, 3.2 (8); 4.2 (8) | 3.7 


PLCS We ces ne ad 53 0 (8); 0 (8); 0.7 (7); | 
| | 0.9 (6) 
| 


| 
| 
| 
| 


2.7, 14.0 (6); 16.3 (5) 15.2 


acid................|43.5-44.5] 2.5 (8)*; 2.9 (7)* 
trans-8-Octadecenoic | | 
Mis oe ane '51.5-52.3) 2.9 (5)*; 2.8 (7)* | 2.8 8.9 (8); 9.3 (7) 9.1 
trans-9-Octadecenoic | | | | 
ROL A se nisilstecs ....../44.5-45.5) 11.4 (5); 11.5 (7); |11.5, 11.3 (7); 9.5 (6) 10.4 
| | 11.5 (8) ee 
trans-9-Octadecenoic | | 
p ROL rere astern 41.5-42.5, 9.4 (4); 9.7 (6) | 9.6) 9.6 (4); 10.0 (7) 9.8 
trans-10-Octadecenoic | | | 
0 REE 52.0-52.6| 8.9 (7)*; 6.0 (8)*; | 6.1) 11.6 (6); 10.2 (6); {11.0 
| | 3.5 (8)* | 11.2 6) 


trans-11-Octadecenoic | 


BOI Gtr ee te ea es 43.5-44.5) 2.6 (8); 2.7 (8) 2.6 5.7 (7); 8.8 (7) 7.3 
trans-11-Octadecenoic | | | 

acid (vaccenic acid). 39 | 1.7 (6); 1.3 (7) | 1.5) 6.6 (5); 7.8 (5) 2 
trans-12-Octadecenoic | | | | 

acid. ...............52.0-53.0, 2.5 (8)*; 2.9 (7)* 2.7, 14.0 (6);.16.3 (5) [15.2 
17-Octadecenoic acid. . 55.5-56.1 0 (8); 0 (8) | 0.0; 1.5 (8); 2.1 (8) 1.8 








The figures in parentheses indicate the number of levels averaged for each multi- 
ple level assay. 


* Average of all values. The response, calculated to a common dilution, de- 
creased uniformly from lowest to highest concentrations. 

+ Samples from The Best Foods, Inc., prepared by hydrogenation of tung oil. 
The remaining samples were supplied by The Procter and Gamble Company. The 
melting points of the latter samples are those of Huber (22). 


The almost equal biotin-like activities of elaidic and oleic acids are not 
in agreement with the results of Axelrod and coworkers (13, 14), who ob- 
tained a ratio of 5:1 in one case and 6:1 in the other for oleic over elaidic, 
using the same organism that we employed but with a somewhat different 
medium. Our tests were made on two samples of elaidic acid from two 
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sources with approximately equal effects. The value for vaccenic acid dded 
. . . . . | 
(trans-11-octadecenoic) is in much closer agreement with the ratio i data 


activity reported by Axelrod et al., 5:1.2 and 6:1.2 (13, 14), for oleic ove 
vaccenic. Our ratio was 4:1. T'rans-7-, -8-, -10-, and -12-octadecenoi 


acids showed progressively increasing “toxic” effects for the microorgan} i” 


ism as the dosages increased; responses calculated to a common dilutio 
decreased uniformly from lowest to highest concentrations of these tran: 


acids. When biotin was given with these acids, the inhibitory effects | 














CIS~6-OCTADECENOIC TRANS-II-OCTADECENOIC 
O.IN NaOH, ML. 0O.IN NaQH,ML. | 
| ° 12 
Oo @@ ° 
10 e 10 
6 id 
8 ° 8 | 
6 e 6 
°° e 6° | 
a ° 4 ° 
° 
2 2 e 
eee ® 
Se 
0 0.204 06 08 #%(10 12 14 O 02 04 06 O08 10 12 1.4 
BIOTIN puysegm. BIOTIN AYALgm. 
40 80 120 160 200 240 280 40 80 120 160 200 240 280 
FATTY ACID AAgm. FATTY ACID s2zgm. 


Fic. 1. Biotin-like activity for cis-6- (left) and trans-1l-octadecenoic acids) 
(right). The solid curve represents the response for graded doses of biotin when 
added to the medium and incubated with ZL. arabinosus for 48 hours. @, response 
to graded doses of fatty acids without biotin. ©, response to graded doses of fatty 
acids incubated simultaneously with graded doses of biotin at a constant ratio; 
however, the values plotted are for the fatty acids moiety after subtraction of the 
activity contributed by the biotin moiety as determined from the biotin curve. 


higher concentrations of the acids were not apparent. Others (6, 8, 11) 


have pointed to the tendency of unsaturated fatty acids to display toxic }) 


effects at concentrations similar to those required for growth. 
The administration of biotin concurrently with the trans-octadecenoic 


acids (except elaidic acid) and with 17-octadecenoic acid reveals a con- |, 
siderable degree of synergism. Maximum synergistic effects were noted |” 
with the trans-7 and ltrans-12 acids, both of which had exhibited, in the |, 


absence of biotin, inhibition of microbiological growth with increasing dos- 
age. In fact, the most pronounced synergism between the trans acids 


’ 


and biotin occurred with those acids which are most ‘toxic’? when em- 


ployed in the absence of biotin. 
‘The variations in response of the cis- and trans-octadecenoic acids, when 


’ 
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nic acid added with or without biotin, are graphically illustrated in Fig. 1. The 
ratio data presented for cis-6- and trans-11-octadecenoic acids are typical for 
ele ove 

lecengi Taste III 

or srgan| Biotin-Like Effect of Fatty Acids Obtained from Various Natural and Hydrogenated 





dilutied Oils Alone and with Biotin, L. arabinosus Being Used 
3e tran Fatty acids mo mg. fatty acid hen mised with 
Tects of ‘ — 
“NOIC Source a Individual tests — Individual tests — 
| Hydrogenated coconut oil 0.3 0; 0 0 | 0;0 0 
— Coconut oil...... ..| 9.3] 1.8 (6); 2.1 (7) 2.0, 0; 0 0 
Cottonseed oil (winter- | 
B60)... 66... caccen. so (LEGA TOL ()5 91 Gye) Ba) SG 7)-87 )- S24] S26 
| | 8.5 (5); 9.1 (6) (8); 6.7 (7) 
ive oil......... .......| 85.6) 12.4 (6); 12.7 (6); |12.0, 9.2 (6);9.4 (6);10.3 9.8 
| 10.9 (7) (5) 
Soy bean oil..... 1138.5) 7.7 (6); 7.8 (6); 7.7 | 7.7, 4.9 (5); 6.8 (5); 5.6 5.8 
| 6) | | ® 
Butter oil........ ..-| 40.6} 8.7 (8); 8.7 (7); 10.0 | 9.1) 4.7 (8); 6.5 (5); 7.2 6.1 
_— | (6) (7) 
1.4 Margarine oil*..... | 76.4) 11.0 (7); 12.7 (7) 11.8 9.6 (4);9.9 (4 9.7 
. Shortening Af...... 76.0; 10.2 (7); 10.4 (4); 10.3 8.6 (5); 10.0 (4); | 9.6 
280 10.4 (6) 10.2 (7) 
3m. e 135 ae | 76.0) 12.9 (7); 10.8 (5); |11.6 10.2 (5); 10.6 (7); 10.7 
— 10.6 (6); 12.0 (9) 11.3 (5) 
“ate _ Bsa. 62.8 8.2 (7); 8.2 (9); 8.1 8.2 5.2 6);6.3 (5);52 5.5 
response ; (9) ge Ai 
of fatty] D§...........; 61.2, 10.8 (8); 10.4 (6) 10.6 6.9 (9);6.3 6 6.6 
it ratio; 5 2a Nig tig aay 


1: ae The figures in parentheses indicate the number of levels averaged for each multi- 

le level assay. 

* A blend of cottonseed and soy bean oil in about equal quantities; hydrogenated 
8 11) uder selective conditions (25). Melting point of blend = 34.4°. 

~~? “1 Soy bean oil shortening; hydrogenated under non-selective conditions (25). 

Y LOKI fp, = 42.2° 


rve. 


t Cottonseed oil shortening; hydrogenated under non-selective conditions. M.p. 
ecenoic |* 42.8°. 
a con- } Cottonseed oil shortening; hydrogenated under selective conditions. M.p. = 


4°, 
- noted 
in the} ie other cis and trans acids, with the exception of trans-9-octadecenoic 
ng dos- fig 
s acids | y study of the biotin-like activities of the fatty acids obtained from 
en em- 


ious natural and hydrogenated oils (‘Table IIL) does not reveal any 
vpreciable differences among those obtained from butter, cottonseed, mar- 


» When arine, olive and soy bean oil, as well as from four shortenings. How- 
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ever, coconut oil had a very low activity, while saturated coconut ij Barthes 
possessed no potency. It is known that a reduction in biotin-like activity drogena 
of the fatty acids accompanies increased saturation. Axelrod e¢ al. (14 of the 
demonstrated reduced activity or complete inactivity with saturation of 
the double bond by hydrogenation such as we obtained with saturated ™ ig 
TasBLe IV metric | 
Biotin-Like Activity of Fatty Acids from Several Fats and Oils As Found by | vert th 
patasbesaciean Assay and by Calculation from Fatty Acid Composition forms. 
— = of the total | Synergistic Biotin equivalent made ‘ 
a 
Fatty acids from | pa fe a eee (Table 
| Satu- | fr | Antici- | I Calcu Devi 
| rated | Oleic Linoleic Found paged from one Ratio latedt thong sa as 
7 = @ | ® | @ | @® | @ | o |e] @ pr? 
| | mgm. per | mugm. per | mygm. per 
‘per cent a cent |per cent) mg. fatty | mg. fatty | \Per conn! mg. fatty | per cen the fat 
| | aci | acid | acii the an 
Coconut oil..... 92 6) 2) 2.0 | 07 | 186 2.0 2.2 | -9) ned 
Cottonseed oil.., 26 22 52 9.2 | 5.0 84 | 3.2 8.0 | +15} 
Olive oil........) 12 | 81 | 7 | 12.0 | 87 | 38] 3.2 | 11.2 | 475 the av 
Soy bean oil....| 13 25 | 62\|| 7.7 | 5.5 | 40 | 3.1 (ay: +7 | tivity 
Butter fat....... 59 | 37 | 3 | 9.1 | 4.0 | 127| 22] 9.4 | -8§ pated! 
Margarine fat 21 74 5 LS | cs 51 | 2.4 iD “Fl finding 
Shortening C...) 38 sa ef 8.2 | 6.1 34 | 0.9 | 11.3 | -27 fatt ; 
eS Die ..41 382 66 | 2 10.6 | 6.9 54 | 1.7 12.0 —12 = 
Pa Bent ie 2 es ee ee ee a mm 
* Linolenic acid content of edible oils need not be considered in calculating the sults ° 


biotin equivalent of the mixed fatty acids derived from such oils. Not only is} like ac 


linolenic acid absent from most edible oils (viz., cottonseed, peanut, and corn), fatty ‘ 
but also its biotin-like activity is relatively small, about one-fourth that of oleic — Bjoy 
acid (14). Furthermore, hydrogenated oils for margarine or shortening, even those 
: x , : ibis equals 
made with soy bean oils, contain no linolenic acid. 
t (d) — (e)/(e) X 100. (% ol 
{ Based upon the composition of the fatty acids with respect to the percentages; ~ 
of oleic, linoleic, and saturated fatty acids present. See the text for the formula. 
§ (d) — (g)/(g) X 100. | The 
|| Including 7 per cent of linolenic acid. prisin, 
: ue ‘ ’ , : F ? _. termit 
coconut oil. Biotin used in conjunction with the mixed fatty acids causes 
i sakioes See : a . », | the m 
in all cases some reduction in activity of the fatty acids. The activity 
was completely abolished in the case of coconut oil. 
In contrast to the effects of complete hydrogenation, partial ———w | Th 
( 
tion of the vegetable oils results in no decrease in the biotin-like activity | le 
: fF , s : | degre 
of the mixed fatty acids. This finding was unexpected, inasmuch as the | - 


iodine values of the mixed fatty acids of the hydrogenated vegetable oils 
were considerably less than those of the fatty acids from the limpid oils. 
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Further studies, however, have demonstrated that conversion during hy- 
drogenation of linoleic to oleic acids, and the higher biotin-like activity 
of the latter plus augmentation of the microbiological response by the 
increase in saturated fatty acids, more than compensate for the decrease 
in unsaturation of the mixed fatty acids. 

In Table IV are presented typical results obtained by spectrophoto- 
metric assays (23) of the oil samples following alkali isomerization to con- 
vert the non-conjugated fatty acids to their light-absorbing conjugated 
forms. Calculations of the oleic acid and saturated acid contents were 
made according to the method described by Beadle (24). Based upon 
a 10.3:5.3 ratio for the biotin-like activity of oleic versus linoleic acid 


. (Table I), and assuming that the isooleic acids formed from linoleic acids 


are as active as oleic acid itself, calculations have been made of the an- 
ticipated biotin-like potencies of the oils. In every case the values found 
for biotin-like activity were definitely greater than those anticipated from 
the fatty acid composition. The percentage deviation of the found from 
the anticipated values in general increased as the mixed fatty acids con- 
tained more of the saturated fatty acids. Calculations indicated that on 
the average, for each per cent of saturated fatty acid, the biotin-like ac- 
tivity of the mixed fatty acids increased by 2.3 per cent over that antici- 
pated from the type and amounts of unsaturated fatty acids present. This 
finding of an augmentation of the microbiological response by saturated 
fatty acids, which in themselves are inactive (viz., in assays of saturated 
coconut oil), is confirmatory of the findings by others (11, 14). The re- 
sults of the present study go further in permitting calculation of the biotin- 
like activity of the fatty acids of limpid and hydrogenated oils from their 
fatty acid composition according to the following formula. 

Biotin equivalent, as millimicrograms of biotin per mg. of fatty acids 
equals 


(% oleic X 10.8) + (% linoleic X 5.3) 
100 ” 








(% saturated fatty seit) 


(1.00 + 2.3 100 


The agreement between values thus calculated and those found is sur- 
prisingly good, considering the precision of the methods employed in de- 
termining the fatty acid composition of the samples and the accuracy of 
the microbiological assay for estimating biotin-like activity. 


| DISCUSSION 


The biotin-like activity of fatty acids is associated not only with the 
degree of saturation of the acid, but also with the position of the double 


| bond in the carbon chain. The stereochemical configuration assumed by 


the bond is likewise of prime importance. There is no correlation between 
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the biotin-like activities of the acids studied and the melting points. Th: ¢laidic : 
increase in activity for all the trans acids tested, except for elaidic aci{ Wherea 
(trans-9-octadecenoic acid), when biotin was also added to the medium’ promoti 
is surprising, especially since a greater effect was obtained for trans-7, -10, ¢laidic : 
and -12 acids than was obtained for oleic acid with or without biotin pres. js movi 
ent. We cannot rule out the possibility that the synergistic effects note potency 
are due to enhanced activity of the biotin through the agency of the acid little, m 
rather than the reverse. This increased activity for acids with doubk the tra 
bonds remote from the 9 position casts some doubt on the theory that trans-9 
biotin is involved in oleic acid synthesis. Potter and Elvehjem (26) re sponses 
ported that biotin appears to cause synthesis of aspartic acid, and perhap: are add 
may be involved in that of oleic acid, but, if that is so, the mechanism oils stil! 
would probably be different. Williams e¢ al. (8) suggest that biotin may The isc 
be involved in the synthesis of oleic acid, since some Lactobacilli do no drogens 
appear to require biotin when oleate and aspartate are present in the me. higher 
dium. Trager (15, 16) also suggested that biotin must be important in biologic 
the synthesis of lipides. The evidence obtained in the present study, compen 
however, does not support the hypothesis that biotin is specifically con equatio 
cerned with oleic acid synthesis. “of the | 
It would appear from the results obtained with the trans-octadecenoi compos 
acids with and without biotin that biotin may be involved either in iso- 
merization of the trans acids or in the enhancement of the absorption of Ackn 
the acid by the organism. by Dr. 
From the results obtained in assays of the mixed fatty acids derived the Or, 
from hydrogenated vegetable oils, the conclusion is justified that the iso- 
oleic acids formed still exhibit a biotin-like effect, comparable to that of 
oleic acid itself. In further support of this conclusion are the finding) 1. Hut 
tabulated in testing a considerable number of oleic acid isomers. Atten- 2 Feer 
tion is directed particularly to the results obtained in assays of trans-- a 
octadecenoic (elaidic), cis-12-octadecenoic, and trans-12-octadecenoic acids, 4 gop, 
the more likely isooleic acids formed as a result of hydrogenation of limpid| 5. Whi 
vegetable oils. The first two isomers are fully as active as oleic acid 6. Kita 
while the latter is only one-fourth as active. Moreover, there is no evi-| ™ Will 
dence that any acids possessing an antimetabolite function are formed ; sa 
during hydrogenation, nor do the mixed fatty acids derived from such yy gyuj 
fats show any tendency to inhibit growth of L. arabinosus at the dosage 11. Bro 


levels employed. 12. Hoft 
13. Axel 


SUMMARY lt. Axel 
ae ‘ . ; ; li. Tras 
A number of positional and stereoisomeric octadecenoic acids have beet] jg Tra, 


tested for biotin-like activity with Lactobacillus arabinosus. Strikingly dif} 17. Tra, 
ferent results were obtained for cis and for trans compounds, except for] !8. Bros 
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I'he elaidic and oleic acids in which the double bond is located at position 9. 
wil Whereas the cis-octadecenoic acids are more or less equally effective in 
ium promoting a biotin-like response, the trans acids, with the exception of 


elaidic acid, are less active. From position 9, at which the unsaturation 
- jg moving on either side toward the end carbon atoms, the biotin-like 


te] potency of the trans acids decreases in step-like fashion until no, or very 
cid’ little, measurable activity remains. Biotin exhibits synergistic effects with 
uble the trans-octadecenoic acids of limited activity. With the more active 


t trans-9 acid (elaidic) and with the cis-octadecenoic acids tested, the re- 


te sponses following the dual administration of biotin and the fatty acids 
vaps are additive. Oleic acid isomers formed by hydrogenation of vegetable 


: oils still exhibit a biotin-like effect comparable to that of oleic acid itself. 


may The isooleic acids are not antimetabolites. The conversion during hy- 
not drogenation of the linoleic acid in vegetable oils to oleic acids, and the 
me: higher biotin-like activity of the latter plus augmentation of the micro- 
it in biological response by the increase in saturated fatty acids, more than 


compensate for the decrease in unsaturation of the mixed fatty acids. An 


con. equation has been given to permit calculation of the biotin-like activity 


of the fatty acids of limpid and hydrogenated oils from their fatty acid 


nok composition. 
180- 


mn ¢ 


1 Acknowledgment is made of the valuable contributions to this study 
by Dr. Chester M. Gooding, Dr. Hal T. Beans, and Mr. Carl F. Brown of 


‘ivel the Organic Chemistry Research Laboratories of The Best Foods, Inc. 
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THE ISOLATION OF EGG PHOSPHATIDYL CHOLINE BY AN 


46 ADSORPTION COLUMN TECHNIQUE* 
2, By DONALD J. HANAHAN, MILDRED BECKER TURNER, anp 


MICHAEL E. JAYKO 


(From the Department of Biochemistry, University of Washington, Seattle, 
Washington) 


(Received for publication, February 12, 1951) 
f 


The isolation of phosphatidyl choline which contains all of its nitrogen 
as choline, phosphorus as glycerophosphate, and has a relatively high io- 
dine number, has posed a problem for some time. The most widely used 
method has been that of Levene and Rolf (1), as modified by Pangborn 
(2-4), wherein this lipide is isolated through a cadmium chloride complex. 
Sinclair (5) has described a procedure for the isolation of egg lecithin in- 
volving the use of temperature-solvent fractionation. 

Adsorbents have been used to a limited extent in the fractionation of 
the complex phosphorus-containing lipides. Thannhauser and Setz (6) 
showed that the cerebrosides of spleen could be separated from the sphingo- 
myelins through the use of an aluminum oxide column. Using magnesium 
oxide as the adsorbent, Taurog et al. (7) effected a separation of the liver 
choline-containing phospholipides. 

The present report is a further development of the adsorption technique, 
resulting in a simple method for the isolation of phosphatidy! choline from 
mixed egg phospholipides. 


EXPERIMENTAL 


Analytical Methods and Materials—Phosphorus was determined by King’s 
method (8), choline by Glick’s (9), iodine numbers by Yasuda’s tech- 
nique (10), and nitrogen by the micro-Kjeldahl procedure with selenium 
_ oxychloride as the catalyst. Amino nitrogen was determined by the Van 
| Slyke manometric technique on the water-soluble fraction from fatty acid 
hydrolysates. Glycerophosphate phosphorus was assayed by the peroxi- 
dative method (11); barium glycerophosphate was isolated and identified 
by the procedure outlined by Folch (12). 

For the isolation of the fatty acids, the lipide was refluxed in 6 N HCl 
ior 6 hours.!| The hydrolysate was cooled under nitrogen and extracted 
three times with fresh charges of petroleum ether, b.p. 30-60°. The pe- 

*This work was performed under contract No. NS-onr-52004 between the Uni- 
versity of Washington and the Office of Naval Research, United States Navy De- 
partment. 

‘In some eases, hydrolysis was carried out in a nitrogen atmosphere, but this did 
hot effectively alter the results. 
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troleum ether fractions were combined, washed successively four time! 600 to 7 
with equal volumes of water, and dried over sodium sulfate. The water. anda N 
soluble fraction and washings were combined and analyzed for amino nitro. was use 
gen and glycerophosphate. Neutral equivalents, saponification equiva. 4 slurry 
lents, and iodine numbers were run on the fatty acid fraction. The total into the 
weight of the fatty acids was determined by drying in vacuo at 60° for} sorbent 
hours. The separation of these mixed fatty acids into the saturated and’ had sett 
unsaturated components was accomplished by the method of Twitchell A3Q 
(13), as modified by Folch (12). 
Aluminum oxide, Merck, ‘‘suitable for chromatographic analysis,’’ was 
used. To insure uniformity, a large quantity of aluminum oxide from one Compo 
lot was used. However, four different lots have been tested with uniformly ~~ 
good results. Fisher adsorption alumina was used in several experiments, 
but the results were not always satisfactory. 
The solvents were chemically pure or reagent grade. Petroleum ether, 
b.p. 30-60°, was purified further by washing with concentrated sulfuric Phosphe 
acid and water and distilling from solid sodium hydroxide. Diethyl] ether ei 
was freshly distilled from sodium. Gtyeeres 
Preparation of Starting Material—The yolks from fresh eggs were sepa- N:P, m« 
rated and mixed in a Waring blendor with 2 volumes of acetone. The Choline: 
mixture was allowed to stand at room temperature for 3 hours and then “!¥¢er® 
filtered. The filtrate was saved. The residue was suspended in 2 vol- Pong 
umes of 95 per cent ethyl alcohol and allowed to stand at room tempera-| Patty a 
ture for 3 hours. The mixture was filtered and the filtrate was set aside. Iodine 1 
The residue was extracted again with 1 volume of 95 per cent ethyl alcohol Saponifi 
-and discarded. beset 
The various extracts were combined and concentrated to a small volume| pose 
at 45° under reduced pressure in a nitrogen atmosphere. The concentrate’ patty a 
was extracted with 2 volumes of petroleum ether and the extract set aside. Amino | 
The aqueous fraction was reextracted twice with petroleum ether. All the 
petroleum ether fractions were combined and concentrated to a small vol- 
ume under reduced pressure, and 4 volumes of acetone were added. The } was pa 
precipitate was removed by centrifugation and the clear supernatant, tional , 
which contained no phosphorus, discarded. The precipitate was suspended collect; 
in acetone and centrifuged and the clear supernatant discarded. This and eh 
acetone washing procedure was repeated six times. Finally the precipi: The 
tate was dissolved in petroleum ether and any insoluble material removed| any pl 
by centrifugation. 4 volumes of acetone were added to the petroleu™) 799 ml] 
ether-soluble fraction, and the above procedure was repeated. After the} from ¢ 
final washing with acetone, the precipitate was dissolved in 95 per cent! fractio 
ethyl alcohol and analyzed (‘Table 1). 100 pe 
Separation Procedure—An adsorption column 12 mm. in diameter and) per ce 
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600 to 700 mm. in height, with a reservoir of 200 ml. capacity at the top 
and a No-Lub stop-cock (Scientific Glass Apparatus Company) at the base, 
was used. Plugs of cotton and glass wool were inserted, and a portion of 
a slurry of the aluminum oxide in 95 per cent ethyl alcohol was poured 
into the tube. The stop-cock was opened, and the remainder of the ad- 
sorbent added. The tube was tapped gently until the aluminum oxide 

















and’ had settled completely and uniformly. 
‘hell A 3 per cent solution of egg phospholipides in 95 per cent ethyl alcohol 
was TABLE I 
one Composition of Phospholipide before and after Passage over Aluminum Oxide 
tly | Original Combined Combined Combined 
nts | sample | Fractions d, e, i af, Fracti ons 4d, ¢, 
’ added to and f from and g from f, and g from 
| column Column D-I Column D-II | Column D-III 
her, i i. —“o) wat Se one a 
‘urie Phosphorus, 7%..........-----.++. 3.90 3.66 | 3.86 3.90 
Ningeoecic at cp eas ooee es 2.15 1.64 1.78 1.79 
AMT cacti, %.....0...c-cccceeeeceoe | 10.00 | 14.30 14.98 | 15.30 
Glycerophosphate, %............. 21.45 20.13 21.20 | 21.00 
epa- N:P, molar ratio.................. | 12 0.99 1.01 1.00 
The! Choline: P, molar ratio............. 0.66 | 1.00 1.00 0.99 
hen Glyseraphoephate P-total P, uit | 
J SOMO owes tk ss “a mete 1.00 | 1.00 1.00 1.00 
VOl| Iodine No..... dt 18 75.0 78.0 83.0 
wae i Velty acid, %................-.0.| CFA 69.8 70.0 70.0 
side.} Iodine No.................. sas) S80 79.0 78.0 91.0 
ohol Saponification equivalent.........| 298.0 285.0 
Neutral equivalent........ ...| 282.0 296.0 283.0 285.0 
| Unsaturated fatty acids, %....... | 25 27 23 25 
ume | Saturated fatty acids, %........ | 73 77 75 
rate Fatty acid-P, molar ratio......... | 1.91 1.99 2.00 1.95 
eS re ' 5.0 None None None 
| the detectable detectable detectable 
 ) i anaes Ga Sin he ro = ea 
The 
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was passed over a column containing 120 gm. of aluminum oxide. Addi- 
tional ethyl alcohol was added as necessary, and the alcoholic eluates were 
collected. These fractions were analyzed for total phosphorus, nitrogen, 
and choline (Table II). 

The first 300 ml. of alcohol collected from the column did not contain 
any phosphorus compounds, but the next fractions, d, e, and f, 400 to 
700 ml., contained the major amount of phosphorus eluted. As is evident 
from the data in Table II, this procedure yielded excellent results in that 
fractions with nitrogen to phosphorus values of 1.00 to 1.01 and with 99 to 
100 per cent of the nitrogen present as choline were obtained in 75 to 98 
per cent yields based on choline values. It is obvious from these data 
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lthat there is some variability in actual amounts of material obtained in 
comparable fractions from different columns. No reasons can be given 
for this variability. However, the more important consideration is that 
Fractions d, e, and f from different columns always contained more than 
80 per cent of the total amount of phosphatidyl choline that could be 
obtained. Thus, under these conditions, a reproducible system can be 
effected. The largest amount of mixed egg phospholipides that has been 
fractionated on a column of this size is 6 gm. However, it should be 
pointed out that in an occasional run, no more often than one out of thirty, 
fractions of 85 to 95 per cent purity (based on nitrogen, phosphorus, and 
choline values) are obtained. Recycling of these fractions through a fresh 
column usually brings the ‘‘purity” to 99 to 100 per cent. It is of interest 
to note that any color present in the material added to the column was 
strongly adsorbed at the top. 

As a result of these observations, this modified adsorption technique has 
been adopted as a convenient means for the isolation of phosphatidyl 
choline from mixed egg phospholipides. 

Prior to the adoption of the above procedure, an adsorption technique 

’ was investigated wherein the mixed phospholipides were adsorbed on alumi- 
num oxide from petroleum ether and eluted with 95 per cent ethyl] alcohol. 
Even though the choline to phosphorus values of these alcohol eluates were 
raised significantly above that of the material added to the column, there 
was not a clean cut, reproducible separation of a phosphatidyl choline 
component. 

In addition, the following adsorbents had been tried unsuccessfully under 
a variety of conditions as a means of separation of the egg phosphorus- 
containing lipides: Dareco G-60, magnesium silicate, potato starch, and 
several of the Amberlite ion exchange resins. 

Nature of Phosphatidyl Choline Obtained from Column—Those alcohol- 
soluble fractions which contained 99 to 100 per cent of their nitrogen as 
choline? were combined and concentrated to dryness under reduced pressure 
ina nitrogen atmosphere at 45°. The residue was dissolved in peroxide- 
‘free diethyl ether, and 4 volumes of acetone were added. The precipitate 

was removed by centrifugation, and the clear supernatant discarded. The 

precipitate was dissolved in peroxide-free diethyl ether, and 4 volumes of 
acetone were added. This procedure was repeated six times. The prod- 
uct, which was snow-white when fresh, was soluble in ethyl alcohol, moist 
ethyl ether, chloroform, slightly soluble in petroleum ether, and insoluble 
inacetone. It was very easily emulsified with water, forming stable emul- 
‘sions. Analytical data obtained on this product are presented in Table I. 


| 


?Complete analysis of each individual fraction showed little or no difference in 
composition from one another. 
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As is apparent from these data, the lipide present in the alcohol eluat: 
(Fractions d, e, f) from the alumina column was a phosphatidyl choliy; TI 
All the nitrogen was present as choline and the phosphorus as glycen | 
phosphate. The fatty acid to phosphorus ratios were from 1.95 to 20) 
neutral and saponification equivalents from 283 to 298, and iodine numba 
from 78 to 91. (From the 

No significant change was detected in the ratio of saturated fatty acij 
in the phospholipide obtained from the column as compared to the startiy, 
material. In addition, no free fatty acids or any hydrolytic cleavag 
products were found in any of the alcohol-soluble fractions. These finding The fe 
are of interest in view of the fact that Trappe (14) has observed that unde to accou 
the conditions of chromatographic adsorption on Brockmann’s alumi 
certain chemical reactions, such as the hydrolysis of triglycerides or t} 
autoxidation of unsaturated fatty acids, occurred. 

Since 
SUMMARY and sin 

An adsorption column technique, in which aluminum oxide is used, ; tate fro 

described for the isolation of phosphatidyl choline from mixed egg phos strated. 


pholipides. ' the dece 
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3 In subsequent experiments, in which the mixed phospholipides added to a cdl- 
umn contained a greater amount of unsaturated fatty acids than reported here, 10 cta 
alteration in the ratio of unsaturated to saturated fatty acids was noted in the mail 12 lite 
product obtained from the column. , disper 
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aVag 

ndin, ‘The following reaction was first proposed by Wood and Werkman (1-3) 
unde to account for the utilization of CO. by the propionic acid bacteria: 


Umit CO. + CH;-CO-COOH = HOOC-CH::-CO-COOH (1) 


or th Pyruvic acid Oxalacetic acid 


Since the equilibrium of the reaction is far to the side of decarboxylation 
and since oxalacetate is an unstable compound, the formatio1. of oxalace- 
ved, ; tate from pyruvate and CO, (or HCO;-) as substrates could not be demon- 
phos strated. However, several investigators (4-6) demonstrated that during 
‘the decarboxylation of oxalacetate in the presence of C*O, some carboxyla- 
tion took place, the tracer being located exclusively in the carboxyl adja- 
cent to the methylene group of oxalacetate. However, the formation of 
small amounts (36 ul.) of a compound which appeared to be oxalacetate 
had been demonstrated from pyruvate and CQ, as substrates (7). 
This communication reports the formation of relatively large amounts 
of oxalacetate (or a closely related compound) from pyruvate and CQ, 
(or HCO;-) as substrates, in the presence of higher concentrations of bi- 
., 155, carbonate. The oxalacetate was identified with the aid of manometric, 
chromatographic, and isotopic techniques. 


Results 


Preparation of Enzyme Extracts—Escherichia coli and Proteus morganit 

_ Were grown in the following medium: Bacto-peptone 0.1 per cent, Bacto- 

yeast extract 0.2 per cent, Bacto-beef extract 0.05 per cent, KCl 0.1 per 

cent, KxHPO, 0.12 per cent, KH2PO, 0.03 per cent, tap water 5.0 per cent, 

a plus distilled water to a-final volume of 10 liters. A small amount of 

i n-octadecyl alcohol was added to prevent foaming during aeration. The 

main 12 liter flasks were inoculated and aerated with a carborundum-glass gas 

, disperser for 21 to 24 hours at 30°. The yield of wet cells averaged about 

1) gm. per 10 liters of medium for E. coli and 30 to 36 gm. for P. morganit. 
*This work was supported by a grant from the Nutrition Foundation, Inc. 


t Present address, McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison 6, Wisconsin. 
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The cells were ground with powdered glass, as described by Kalnitsky ef q trations 
(8), and extracted for 12 to 15 minutes at 2° with 0.03 m phosphate buffe oxalacet 
of pH 6.9. The insoluble residue was then centrifuged off at 20,000 y ;j #t 1" 
for 13 minutes. The supernatant liquid, a clear, yellow-brown, somewhat Ident 
viscous material, contained the active enzyme preparation. tate int 
E. coli yielded active extracts which formed oxalacetate from CO, and| "@¥ of 
pyruvate. However, after carrying this culture with frequent transfers on{ toa 
agar slants or fresh meat infusion agar slants, the activity of the extracts) ‘med 
obtained progressively decreased until, after 4 to 6 months, the prepars. In or 
tions were inactive. Cells grown from freshly isolated strains of EZ. col “® ™@ 
which had been subcultured only once or twice always yielded active (13). 
extracts. The culture of P. morganii yielded active extracts even after 
subculturing for 6 months. Det 
The manometric techniques with the Warburg-Barcroft manometer 








Exper 
TaB_e I 


Increased Oxalacetate Formation at High Concentrations of Bicarbonate 





KHCOs concentration, Oe seneceee | MOUND | 0.037 | 0.062 | 0.074 | 0.11 





146 | 239 Expe 


—" 0.185 at | 
Each flask contained 0.9 ml. of enzyme, 0.059 m pyruvate, KHCO, i in indicated * Det 


concentrations, 0.3 ml. of 50 per cent citric acid in the side arm, total volume 2.7 


| 
Oxalacetate formed, pl............. | 24 | 22 | 28 | 30 | 84 





04 ml. ¢ 

ml.; atmosphere 5 per cent CO: in N2; time, 1 hour; temperature 30.4°; 0.4 ml. oj + Det 

sills citrate added afterwards to decarboxylate dis oxalacetate formed. ml. of 2 
; eee minut 

have been described by Umbreit e¢ al. (9). Lithium pyruvate was pre. + De 

pared according to Wendel (10). carboxy 


Effect of Bicarbonate Concentration on Formation of Oxalacetate—In the} _ 
presence of pyruvate and bicarbonate, formation of small amounts of oxal- acids s 
acetate was previously detected (7). These results have been confirmed! ty of | 
under similar experimental conditions. However, it was found that in-\ The 
creasing the bicarbonate concentration beyond 0.07 M resulted in the for-| Ndicat 
mation of larger amounts of oxalacetate (Table I). Concentrations of] Ya 0 
bicarbonate higher than 0.19 m did not appreciably increase the formation| ™ P 
of oxalacetate. No oxalacetate was formed in the absence of bicarbonate| Oxa 
or CO,. Approximately similar results are obtained with extracts of either] Peper 
E. coli or P. morganii. tation 

Oxalacetate was determined by the aniline citrate method of Edson (11).| “mo 

These results are in accord with the law of mass action, since the speed| "od 
of the carboxylation would be increased in the presence of higher concer- third | 


by W 

1 We are indebted to Dr. R. E. Kallio and Dr. J. R. Porter of the Department 0 aka 
Bacteriology for obtaining the freshly isolated strains of E. coli and P. morganii| ~ d 
for us. Speer 
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et al trations of pyruvate and of bicarbonate or CO». The blank values for 

uff Oxalacetate formation (in the absence of pyruvate) were zero or close to 

X ;| zero in all cases. 

what Identification of Oxalacetate—Since other B-keto acids such as acetoace- 
tate interfere with the oxalacetate determination described above, and in 

-and| view of the recent discovery by Plaut and Lardy (12) of COs fixation in 

ns qn{ acetoacetate, it was necessary to determine whether any acetoacetate was 

raets} formed under the conditions reported in this communication. 

ae) 2 order to determine acetoacetate in the presence of oxalacetate, use 

‘coli Was made of the decarboxylating effect of cupric ions on the latter acid 


ctiye (18). Cations such as Al**+ and Cut+ catalyze the decarboxylation of 
after| TABLE II 


Determination of Oxalacetic and Acetoacetic Acids Formed from Pyruvate 








a 
Experiment No. Se Oxalacetic acidt Acetoacetic acidt 
| ul. ul. | ul. 
; 1 | 109 91 18 
bait 2 | 186 195 0 


| 


239 Experiment 1, #. coli extract used; Experiment 2, P. morganii extract used. 
— _ 0.185 m KHCO3;; other conditions as in Table I. 
cate’ * Determined by acidifying with 0.3 ml. of 50 per cent citric acid and then adding 
1 27 44 ml. of aniline citrate. 
ul. | + Determined by acidifying with 0.3 ml. of glacial acetic acid and then adding 0.3 
ml. of 20 per cent CuSO, solution. The decarboxylation was complete in 20 to 30 
ml minutes. 
t Determined by adding aniline acetate after the oxalacetic acid had been de- 
carboxylated by CuSOg, as above. 





1 the 
oxal-| acids such as oxalacetic or 8-ketoglutaric acid, but do not affect the stabil- 
rmed! ity of acids such as acetoacetic or a-ketoglutaric acid (13). 

+ in-| The results of two representative experiments presented in Table II 
> for-| indicate that practically all of the keto acid formed under these conditions 
ns off Was oxalacetate, and was not acetoacetate. Acetoacetate is not formed 
ation| tom pyruvate with E. coli cells (14-17) or cell extracts (18). 

ynate| Oxalacetate was also experimentally identified by a modification of the 
ither| Paper chromatographic method of Wieland and Fischer (19) for the sepa- 
ration and detection of keto acids. The solvent n-propanol-concentrated 
(11).| ammonium hydroxide-water (60:30:10 volume ratio) (Hanes and Isher- 
speed| Wood (20)) gave a better separation of the three keto acids in about one- 
neen-| third less time than did the propionic acid-water-n-butanol mixture used 
aia by Wieland and Fischer, The time factor is important because of the 
gan instability of oxalacetic acid. Oxalacetate travels at less than one-half the 
speed of pyruvate during the development of the chromatograph. Pyru- 


— 








XUM 





632 COe FIXATION IN OXALACETATE. I 


vate and oxalacetate were the only keto acids developed (Fig. 1). Flasks 
containing enzyme, but no pyruvate, did not show the presence of a ket 
acid. Comparison of experimental strips with paper strips containing 
known keto acids demonstrated the formation of oxalacetate from pyr. 
vate in the enzymatic reaction (Fig. 1). 

The absence of any other keto acid may be taken as evidence that the 
following CO, fixation reaction discovered by Ochoa (21) did not ocew 


I It I Ww V 
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Fic. 1. Paper chromatographic determinations of oxalacetate. (a) solvent front; 
(b) pyruvic acid zone; (c) oxalacetic acid zone; (d) start of chromatograph. Paper 
strips, J, enzyme plus pyruvate; JZ, enzyme (no pyruvate); III, pyruvic acid (n0| 
enzyme); IV, oxalacetic acid (no enzyme); V, pyruvic plus oxalacetic acid (no 
enzyme). Experimental conditions as in Table I; the proteins were precipitated by 
addition of 0.3 ml. of 50 per cent citric acid. After allowing the ascending chro 
matogram to develop for 1.5 to 2 hours in an inclosed chamber, the strips were dried 
in a stream of warm air and sprayed with o-phenylenediamine. 


under these conditions, with pyruvate as substrate: 








CO. + HOOC-CH:2-CH:-CO:-COOH = HOOC-CH2-CH-CO-COOH 
(2 
COOH 
a-Ketoglutaric acid Oxalosuccinic acid 


Oxalosuccinic acid is quite unstable and readily undergoes decarboxylation 
to a-ketoglutaric acid and CO,. This decarboxylation is also accelerated 
by some polyvalent ions and by aniline (22). 
The formation of oxalacetate from pyruvate was also determined by the 
technique of LePage (23)? for the chromatographic separation of 2,4-di 
2 We are indebted to Dr. G. A. LePage for making this method available to u 
prior to its publication. 
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nitrophenylhydrazones of keto acids. By using columns of a diatoma- 
ceous material, very small amounts of one acid can be separated from rela- 
tively large quantities of others. The keto acid derivatives are identified 
primarily by their positions on the column and by their absorption spec- 
trum after elution. Oxalacetate and pyruvate were again the only keto 
acids demonstrable. 

Mechanism of Oxalacetate Formation—If oxalacetate were formed via the 
tricarboxylic acid cycle in these experiments, the following would be demon- 
strable: (1) oxalacetate should be formed from succinate, an intermediate 
in the cycle; (2) malonate inhibition of succinic dehydrogenase should 
result in decreased oxalacetate formation; and (3) if the reaction were 
carried out in the presence of C™Os, very little if any C™ should be found 


| in the B-COOH of the oxalacetate which is formed. 


front;| 
Paper 
id (n 
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Anaerobically, no oxalacetate was formed from succinate or from suc- 








TaBLe III 
Effect of Malonate on Oxalacetate Formation from Pyruvate 
Additions | Oxalacetate formed 
| ul. 
PYMUVAUG incl nue Cans 3 Sk aerated gnc sch ar ee eee een ar 216 
" + malonate..... See Ph iy MERC ae etre eae 218 


Each figure represents an average of five vessels in three experiments. 0.02 to 
0.07 m malonate, 0.185 m KHCO;. Other conditions as in Table I. 





cinate plus pyruvate, with this enzyme preparation, since oxalacetate is 
readily reduced to malate by coupling with succinate oxidation. In the 
same experiments, oxalacetate was formed from pyruvate. 

Malonate at 0.02 to 0.07 m concentrations did not inhibit oxalacetate 
formation from pyruvate (Table III), whereas it did inhibit the succinic 
dehydrogenase activity of the enzyme preparation (Table IV). However, 
malonate at higher concentrations (0.037 to 0.16 m) did produce appreci- 
able inhibitions of pyruvate dissimilation to acetate and formate (10 to 
73 per cent inhibition, respectively). 0.16 m malonate did inhibit oxal- 
acetate formation 28 per cent, but-at this concentration the inhibitor was 
obviously not specific. 

These results therefore demonstrate that the Krebs tricarboxylic acid 
cyele (an aerobic mechanism) is not a logical pathway in the anaerobic 
formation of oxalacetate from pyruvate and bicarbonate in these experi- 
ments. 

With NaHCO; and pyruvate as substrates, a marked fixation of C™ 
in the B-COOH group of oxalacetate can be demonstrated (Table V). 
Experiments | and 2 were carried out with an extract of E. colt and Experi- 
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ment 3 with an extract of P. morganii. Aniline citrate was used to desl Expe 
boxylate the oxalacetate formed. Flushes and controls, in the absence q radioac 














carbon 

TaBLE IV (150 te 

Effect of Malonate on Succinic Dehydrogenase Activity the res 

| Reduction time { cent N 

Malonate | 0.9 ml : 0.7 mi , out th 
ne eet ee et 90 mit 
| Succinate | Blank Succinate | Blank minute 

es | |-——— —— $< | —________F . 5 
M min. min. min. | min. m alk 

| 2.5 5.0 5.0 50 immed 

0.005 3.25 | 4.5 6.0 | 50 , in fres 
0.010 5.5 | 5.0 11.0 50 ' Bal 
0.020 | 5.75 | 5.0 18.0 | 50 precip 








Each flask contained enzyme in indicated amounts; 0.059 m succinate, 0.185 y and W 
KHCOs;, malonate in indicated concentrations, and 1:15,000 methylene blue ins final v 


total volume of 2.7 ml.; atmosphere, 5 per cent CO2-95 per cent N2; temperature, aleohc 
30.4°. 








num ¢ 
TABLE V radios 
Fixation of C!40, in Oxalacetate a Gei 
waiiinghs: Remeeeenebambaen cuaerr icoeaeomes —¥/ windo 
| CHO2 
Experiment No. | Substrate | NaHCO: added | 2 i. ee ek ae nee 
| : Flush | 8-COOH of COOH of | Yank 
|  oxalacetate amino acids* & 
Pade oT OR a casas amines | | -——- : —_ To 
| c.p.m. | c.p.m. c. p.m. c.p.m. 
| | | flasks 
1 | None | 170,000 | 0 = P és 
| Pyruvate | 170,000 | 41.0 | 1096.1 ae 
| ~ | 170,000 | 1376.5 cate | 
2 | “ | 985,000 | ne | 9.7 | Th 
| None | 85,000 | | 28.6 17.5 | theB 
Pyruvate | 85,000 | 36.2 209.0 19.2 
| ’ | 7 
pee | 85,000 | | | 24.0 * 
3 | e | 170,000 | 17.0 | 601.0 | 


ONES he oe ae oe = pels, | aceta 
* Determined by treating with ninhydrin according to Winnick (24). Each feat | spon 





contained enzyme 0.9 ml.; pyruvate 0.057 m; KHCO; 0.19 m; NaHCO; (0.0003 meth 
as indicated; phosphate buffer (pH 7.0) 0.09 M; citric acid (50 per cent in the side addit 
arm) 0.3 ml.; total volume 2.1 ml.; other conditions as in Table I. " : : 
t This flask contained pyruvate but no enzyme. = 
ount 


oyruvate or in the presence of pyruvate and no enzyme, contained a very) of th 
? 


low level of activity (Table V). signi 

NaHC' Os was prepared by adding 33 per cent perchloric acid to BaC"0;| , y 
in an evacuated system, and the resulting C“O, was trapped in a stoichio- cipits 
metric amount of CO,-free NaOH solution. the § 
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Experimental procedures employed for the carboxylation reaction with 
radioactive bicarbonate were similar to those employed with inactive bi- 
carbonate. However, when C" was used, the flasks were vigorously shaken 
(150 to 175 times per minute) after tipping in the citric acid at the end of 
the reaction period. During this shaking period, 5 per cent CO.-95 per 
cent Ne gas was continually passed through the flasks to aid in flushing 
out the C“Oy. The CO: was trapped in 15 to 20 per cent NaOH. After 
20 minutes, inactive bicarbonate was added to each flask, followed by 5 
minutes more of shaking and flushing, the resulting CO, being collected 
in alkali and later checked for C“ content. Aniline citrate was added 
immediately after collecting the last flush and the resulting C“O, collected 


_ in fresh alkali. 


185 
le ina 
‘ature 


bo or 


0 


y pad 
03 M 
e side 


very 


CHQ; 
chio- 





BaCl, was then added to the alkali, the trapped carbon dioxide being 
precipitated as barium carbonate. The barium carbonate was centrifuged 
and washed once with water and twice with absolute alcohol. After the 
final wash, the barium carbonate was suspended in 5 ml. of absolute ethyl 
alcohol, quantitatively poured into a collecting unit (containing an alumi- 
num disk) (Winnick (24)),* and dried overnight at room temperature. The 
radioactivity of the BaCO; layer (area = 7.02 sq. cm.) was measured with 
a Geiger-Miiller counter equipped with a 1} inch diameter, thin mica 
window. The counting error was less than 3 per cent. Calculations and 
corrections for background and self-absorption were made as described by 


Yankwich et al. (25). 


To test for the possible incorporation of C™ in aspartic acid, experimental 
flasks were treated with ninhydrin (Winnick (24)) and the evolved carbon 
dioxide analyzed for radioactivity. No radioactivity was found in dupli- 
cate samples (Experiment 2, Table V). 

The data in Table VI demonstrate an appreciable fixation of C“QO, in 


| the B-COOH of oxalacetic acid, with little or no fixation in the a-COOH of 


oxalacetic acid. 

The radioactivity of the carbon dioxide (from the B-COOH of the oxal- 
acetate) obtained by heating the reaction mixture in acid solution corre- 
sponded to the radioactivity obtained by the more specific, copper-sulfate 
method of Krebs (13). When the latter procedure was followed by the 
addition of aniline acetate to decarboxylate any acetoacetic acid which 
might be formed, neither decarboxylation nor significant radioactivity was 
found. The CO, obtained by ceric sulfate decarboxylation of the e-COOH 
of the residual pyruvate (26, 27) in the same experiment did not show any 
significant radioactivity (Table VI). These results indicate that the radio- 

* We are indebted to Dr. T. Winnick for suggesting the procedure used for pre- 


cipitating, plating out, and counting the C14, and to the Radiation Laboratory of 
the State of Iowa for the use of the Geiger counter. 
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active carbon in oxalacetate was fixed only in the carboxyl adjacent to the 
methylene carbon of oxalacetate and that fixation did not occur in or vil 
the carboxyls of pyruvate or acetoacetic acid. Blank values (no substrate 
added) were less than 5 c.p.m. above background. Flushes for each flask 
were less than 10 per cent of the oxalacetate counts. The higher val- 
ues for oxalacetate radioactivity obtained with the aniline-citrate method,| 
compared to the acid-heat and copper-sulfate decarboxylations, may pos-/ 
sibly be ascribed to the fact that less time was required with the aniline. 
citrate method than with the other two determinations. 

If oxalacetate formation occurred via malate (28), according to the fol. 


TaBLe VI 
Fization of C1402 in Oxalacetate and Related Compounds 





Determination | C¥O2 





C.p.m. 
B-COOH of oxalacetic acid 
Aniline citrate method 890 
Acid-heat method 306 
CuSO, method 301 
COOH of pyruvic acid 19 
COOH of acetoacetic acid 7) 


Malie acid 0 








Enzyme extracted obtained from P. morganii; 3 X 10-4m NaHC40; added (85,000 
c.p.m.) plus other additions as in Table V. 
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HOOC#"-CH:-CHOH-COOH + TPNox. 





then appreciable amounts of radioactive malate should be present, since | 
oxalacetic acid, even in extremely small concentrations, inhibits the dehy- | 
drogenation of malic acid (29). Attempts to isolate malic acid as the 
calcium salt and determine it according to the fluorometric method de- 
scribed by Hummel (30) showed that very little if any malic acid was 
present. Small amounts of malic acid added as carrier, and then re- 
covered and analyzed, showed no radioactivity (Table VI). From these 
results, it appears that oxalacetate is not formed via malic dehydrogenase 
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and the “malic enzyme,” confirming the results of McManus (31) and 
Utter (32). 


DISCUSSION 


The equilibrium of reaction (1) is so far in the direction of decarboxyla- 
tion as to make it improbable that relatively large amounts of oxalacetate 
can arise via a direct carboxylation of pyruvate. Therefore, it is likely 
that coupling with an energy-yielding reaction (7) (such as the formation 
of acetylphosphate from pyruvate (33)) might bring about carboxylation 
of pyruvate to oxalacetate. The marked inhibition of oxalacetate for- 
mation by arsenite (34) may suggest that a dissimilation of pyruvate is 
involved in the reaction. Alternatively, an indirect pathway is still pos- 
sible, involving the dismutation, (a) 2 pyruvate + CO, + phosphate—> 
acetyl phosphate + CO, + malate, followed by a dismutation, (b) malate 
+ pyruvate— oxalacetate + lactate. The net reaction would be (c) 3- 
pyruvate + CO, + phosphate— acetyl phosphate + oxalacetate + lactate 
+ COs. Neither malate nor aspartate can be effectively eliminated as 


mechanisms in this reaction in the absence of specific activity measure- 


ments. The exact mechanism of this reaction, therefore, still remains to 
be elucidated. 

The speed with which oxalacetate can be determined and the high level 
of bicarbonate used in this investigation (plus other factors described in the 


| following paper (34)) are important in obtaining the large yields of oxal- 


since | 
lehy- | 
s the 
1 de- 
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n re- 
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acetate. Since oxalacetate has been previously shown to be more stable 


| at an alkaline pH (13, 35-37), at which pH the carboxyl groups are ionized, 


the alkalinity of the bicarbonate used may also have functioned as a sta- 


| bilizing agent for the oxalacetate formed, thus increasing the experimental 


values of oxalacetate detected. 

An analysis of the C“ data may be of some interest. Assuming (1) that 
HCO;- is the reactive molecule in the fixation reaction, (2) that HC“O;- 
reacts at approximately the same rate as HC”O;-, (3) that approximately 
10 um of HCO; were utilized and 10 um (224 ul.) of oxalacetate formed 
in Experiments 1 to 3 of Tables V and the experiment in VI), and (4) 
that all the oxalacetate remained as such, was quantitatively decarbox- 
ylated, and the resultant C“O. trapped, then, in the presence of approxi- 
mately 400 um of bicarbonate totaling 170,000 ¢.p.m., the experimental 
vessels should have a count of 170,000/400 or 425 ¢.p.m. per micromole of 
HCO;-. If 10 wm of HCO;- were utilized to form oxalacetate, the counts 
per minute of the B-COOH of the oxalacetate should be 425 & 10 = 4250. 
The observed values in the best experiment in Table V (Experiment 1) 
were 1096 and 1376 ¢.p.m., or 25 to 32 per cent of the theoretical values 
to be expected if carboxylation took place in the magnitudes assumed. 
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In Table VI, the counts per minute per micromole of bicarbonate were 


approximately 85,000/400 = 212.5; the total counts in the B-COOH of the 
oxalacetate should approach 2125; the observed value was 890/2125, or 
42 per cent of theoretical with the aniline citrate method, and 306/2125, 
or 14.4 per cent, and 365/2125, or 17.2 per cent, of theoretical with the 
acid-heat method, which took a longer time to set up. The assumptions 
set up are quite rigorous. However, the fact that 25 to 42 per cent of the 
theoretically possible values were obtained plus the fact that the oxalace- 
tate was identified by the use of aniline citrate, CuSO,, acid-heat, chroma- 
tography by two different methods and by Straub’s colorimetric method 
(36) in a previous communication (7) offers proof for the formation of 
oxalacetate, from pyruvate and CQO, or very closely related compounds. 
Further work is under way to isolate and identify chemically the oxalace- 
tate formed and to determine the mechanism of this reaction. 


SUMMARY 


10. 
ll. 
12. 
13. 
14. 





18. 
| 19. 
20. 


22. 
23. 
24. 


. . . 95 
In the presence of pyruvate and high concentrations of bicarbonate| ” 


(0.19 m), the formation of relatively large amounts of oxalacetate (approxi- 


) 27 
28, 


mately 200 ul.) by enzyme extracts of Escherichia coli and Proteus morganii 
can be demonstrated under anaerobic conditions. 


Malonate did not inhibit the formation of oxalacetate from pyruvate 2”: 


and HCO;-, nor was any oxalacetate formed from succinate, anaerobically. 
These results are not consistent with the idea of formation of oxalacetate! 


via the tricarboxylic acid cycle. 


30. 


2, 
33. 


The oxalacetic acid was identified by (1) decarboxylation with aniline} 34. 
citrate, CuSO,, acid-heat, (2) partition paper chromatography, (3) chro-} *. 


matography and absorption spectrum of the 2,4-dinitrophenylhydrazone, 


and (4) fixation of C“O, in the 6-carboxyl of the oxalacetic acid. 
No significant amounts of C' were found in the a-carboxyl of oxalacetic 


36. 
37. 


acid nor in the carboxyls of pyruvic, acetoacetic, or a-amino acids. The | 


presence of malic acid could not be demonstrated. 
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THE ENZYMATIC FORMATION OF OXALACETATE 
FROM PYRUVATE AND CARBON DIOXIDE. II* 
By JOHN P. KALTENBACH{ anp GEORGE KALNITSKY 
From the Department of Biochemistry, College of Medicine, State University of Iowa, 
Towa City, Iowa) 
(Received for publication, March 26, 1951) 


The preceding paper (1) describes the formation of oxalacetate from 
pyruvate and bicarbonate as substrates with enzyme extracts of Eschert- 
chia coli and Proteus morganit. Under certain conditions, such as a high 


‘ concentration of bicarbonate, appreciable amounts of oxalacetate can be 


detected. This report describes some properties of the enzyme system 
obtained from P. morganii, the optimum concentrations of pyruvate, bi- 
carbonate, Mgt++, inorganic phosphate and biotin, and the pH necessary 
for the formation of oxalacetate from pyruvate and bicarbonate. 


Methods 


A freshly isolated strain of P. morganit was carried on meat-infusion 
agar slants and grown in media containing Bacto-peptone 0.1 per cent, 
Bacto-yeast extract 0.2 per cent, Bacto-beef extract 0.05 per cent, KCl 0.1 
per cent, K,.HPO, 0.12 per cent, KH:PO, 0.03 per cent, tap water 5.0 per 
cent + distilled water to 10 liters (Medium A). Three other types of 
media were employed in these experiments. Medium B was the complete 
medium as described above, without yeast extract. Medium C was the 
same as Medium B, plus crystalline biotin (100 to 5000 y per 10 liters). 
Medium D was the same as Medium B, plus the following 10 vitamins 
und growth factors: nicotinic acid, thiamine hydrochloride, folic acid, nic- 
otinamide, ascorbic acid, inositol, riboflavin, p-aminobenzoic acid, pyri- 


| doxine hydrochloride, and pantothenic acid (2 mg. of each growth factor 








per 10 liters of medium). The enzyme extracts were prepared as previ- 
ously deseribed (1, 2). The ground cells were extracted with 0.03 m 
phosphate buffer, pH 6.9. Oxalacetate was determined by the aniline 
titrate method of Edson (3). The experiments reported are those carried 
out with extracts of P. morganii. In a number of experiments tried, 
identical results were obtained with extracts of E. coli. Other methods 
and techniques were essentially those described in the preceding paper (1). 

* This work was supported by a grant from the Nutrition Foundation, Inc. 

} Present address, McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison 6, Wisconsin. 
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Results 
Factors Affecting Activity of Enzyme Extract 


Extraction Temperature—Extracting the ground bacterial cells with 0.03 
M phosphate at various temperatures has shown that an approximately 
14 per cent loss of activity occurred when the extraction was carried out 
at 23° or 30°, as compared to extraction at 2°. 

Dialysis—A maximum of 6 to 7 per cent inactivation resulted afte 
dialysis of 1 to 1.5 hours against redistilled water. Complete inactivation 
was obtained after 25 hours of dialysis. When the enzyme preparation 
was dialyzed against pyrophosphate for 13 hours and then against redis. 


TABLE I 
Effect of Arsenite, Arsenate, and Fluoride on Ozalacetate Formation 





Experiment No. Pyruvate | Inhibitor | Oxalacetate | Inhibition 


pl, | per cent 





| Arsenite, 0.002 m 48 | 85.0 ) 
| ‘ 0.004 ‘ 28 | 93.0 


| Arsenate, 0.002 “ 106 3:3 
| «0.004 « 1 8 86| 9.0 





+tit+tts+i 


| 180 

| NaF, 0.01 m 187 

Each flask contained enzyme 0.9 ml., pyruvate 0.057 m, KHCO; 0.19 M, phos- 

phate buffer, pH 7.0, 0.09 m in a total volume of 2.1 ml., plus 0.3 ml. of 50 per cent| 

citric acid in the side arm; atmosphere 5 per cent CO2-95 per cent N»2; time, 1 hour; 
temperature, 30.4°; 0.4 ml. of aniline citrate added afterwards. 


0 








tilled water for an additional 13 hours, approximately 11 per cent inactiva-| 
tion occurred. 

Aging—The cell-free enzyme preparation, after aging at 3-5°, lost 5 to 
per cent of its activity in 2 days and 20 per cent of its activity in 5 days. 
In most cases, total inactivation occurred after 8 to 10 days. No loss in 
activity occurred, however, when the whole cells were stored at 2° for peri-| 
ods up to 7 days. | 

Freezing—The carboxylation enzyme could be obtained from lyophilized | 
whole cells. However, the isolated enzyme preparation was largely de- 
stroyed by freezing. | 

Temperature—The cell-free enzyme preparation was not inactivated 
when heated for 5 minutes at 40°, but was largely inactivated (66 per cent 
inhibition) at temperatures above 47°. This enzyme is less stable to heat 
treatment than is the pyruvate enzyme system (obtained from the same 
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~~ 


organism) concerned in the dissimilation of pyruvate to acetate and form- 
ate. This latter system, for example, is not inactivated at 47° and only 
slightly inactivated (17 per cent) at 52° (4), whereas the carboxylation 
0.0) enzyme suffers 72 per cent inactivation at 52°. 

ately [nhibitors—The effect of several inhibitors on the formation of oxalace- 
| Out tate is demonstrated in Table I. Relatively little inhibition was obtained 
with 0.004 m arsenate, whereas a similar concentration of arsenite almost 
afte’ completely inhibited the reaction. Fluoride had no effect. 

ition. ~~ Wood and Werkman (5) have shown that cyanide, malonate, azide, and 
tion grsenite were without effect on the fixation of CO, by intact cells of the 
edis- propionic acid bacteria, whereas fluoride was inhibitory. The action of 
NaF in this latter instance may possibly be ascribed to the inhibition of 
the dissimilation of phosphoglyceric acid. The difference in the results 
with arsenite is not immediately apparent. The anaerobic formation of 
oxalacetate was not inhibited by cyanide (6) or by malonate (1). 


on 





nt 
Optimum Conditions for Oxalacetate Formation from Pyruvate and 
HCO;- 


; Pyruvate and Bicarbonate Concentrations—The effect of pyruvate concen- 
tration on the formation of oxalacetate is shown in Fig. 1. Small but 
definite increases of oxalacetate were obtained at the higher levels of pyru- 
vate. Similar results were demonstrated by Kalnitsky and Werkman (6), 
except that under their conditions 21 yl. of oxalacetate were formed at 0.07 

to 0.09 Mm pyruvate, whereas in these experiments, in the presence of a 
phos-| high concentration of bicarbonate, almost 200 ul. of oxalacetate were formed 
cent) at 0.08 M pyruvate concentration. The effect of higher concentrations of 
hour;} bicarbonate on oxalacetate formation has already been described in the 

preceding communication (1). 

tiva.} pH—The pH of the medium in the various flasks was controlled by 
changing the ratio of CO, to Ne in the gas phase above the medium, at a 

, 5 constant bicarbonate concentration of 0.19 mM. After gassing and equilib- 


~ 





Jays.) tating the flasks, pH determinations were made. The effect of various 
ss in} PH values on oxalacetate formation from pyruvate is shown in Fig. 2. 
peri-| The results show oxalacetate formation to be optimum between pH 7.4 
and 8.2, with a peak at pH 8.1. A high level of bicarbonate (0.19 m) 
lized| at a pH lower than 7.4 and higher than 8.2 resulted in a sharp decrease 
y de-| in activity. These results are somewhat similar to the optimum pH (6.5 
to 8.0) reported by Plaut and Lardy for the enzymatic decarboxylation 
rated| of oxalacetate by oxalacetate decarboxylase of Azotobacter vinelandii (7). 
cent} However, they differ from the optimum pH of 4.5 reported for the same 
heat} enzyme obtained from pigeon liver (Veiga Salles and Ochoa (8)) and from 
same| Lactobacillus arabinosus (KKorkes et al. (9)). 
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II 


Phosphate—Although adenosinetriphosphate (ATP) has been shown to 
stimulate oxalacetate formation in pigeon liver (Utter and Wood (10)), 
we could not demonstrate the necessity of ATP with this bacterial enzyme 
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in indicated amounts; other conditions as in Table I. 
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preparation. This is in agreement with the results obtained by McManus} gm. 

(11), who found that ATP does not seem to be required for oxalacetate} an ay 
formation in bacterial enzyme preparations obtained from Micrococcus ly-| enzyr 
sodeikticus. However, the inorganic phosphate requirement for this re-| to M 
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A marked stimulation of oxalacetate formation was obtained with in- 
organic phosphate at a concentration of 0.09 m (Table IT). A phosphate 
concentration greater than 0.09 m usually resulted in little or no increased 
activity. Substitution of glycine buffer for the phosphate was found to 
be inhibitory. These experiments with 0.09 m phosphate were performed 
at the optimum bicarbonate concentration (0.19 m). It is of interest to 
note that a high phosphate concentration could not replace the optimum 
bicarbonate requirement. Both phosphate (0.09 m) and bicarbonate (0.19 
wt) are necessary for oxalacetate formation with this enzyme system. Ad- 
dition of KCI (0.01 m to 0.18 m) in place of potassium phosphate to dialyzed 
enzyme preparations demonstrated that KCl had no effect on the enzyme 
activity and could not substitute for potassium phosphate in stimulating 
oxalacetate formation. NaCl, however, in concentrations of 0.045 to 0.09 
u, inhibited the reaction 20 to 23 per cent. 


TABLE II 


Optimum Phosphate Concentration for Oxalacetate Formation 





Phosphate concentration | Oxalacetate formed 
M | pl. 
0.012 | 25 
0.04 | 60 
0.09 | 127 
0.14 107 


Magnesium—The requirement for Mg++ was demonstrated by dialyzing 
the bacterial extract for 1.5 hours at 2° against 0.01 m pyrophosphate, 


| followed by 1.5 hours dialysis against redistilled water. Addition of Mgt+ 


to the dialyzed enzyme system resulted in a marked stimulation of oxal- 
acetate formation with the optimum Mgt* concentration at 0.07 m (Fig. 
3). Manganese was without effect up to concentrations of 0.07 mM. Higher 
concentrations of either Mnt++ or Mg++ were inhibitory (Fig. 3). The 
inhibitory effect may be due to the formation of insoluble metal phosphates 
which prevent the utilization of either the metallic ion or the phosphate 
(or both) by the enzyme. 

Biotin—P. morganii, grown in vitamin-deficient media (Medium B, C, 
or D), produced only 5 to 6 gm., wet weight, of bacterial cells per 10 liters 
of medium, whereas the complete medium (Medium A) produced 30 to 36 
gm. Concomitant with a large decrease in the quantity of cells, there was 
an approximate 87 per cent decrease in the formation of oxalacetate with 
enzyme preparations obtained from cells grown in Medium B as compared 
to Medium A (Table III). However, when biotin or the ten growth fac- 
tors were added to the vitamin-defictent medium (Medium B), an increased 
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formation of oxalacetate by the extracts obtained from these cells could] 
be demonstrated (Table III). However, normal enzyme activity was not 
obtained, indicating that some other factor or factors were missing. 
Extracts obtained from cells grown in a medium containing no added 
yeast extract or biotin (Medium B) formed very little oxalacetate. How. 
ever, the addition of biotin in vitro to these extracts results in some stimula- 
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Molar Concentration of Mg ‘or Mn** 
Fic. 3. Comparison of Mgt* and Mn** effects on oxalacetate formation by a di- 
alyzed enzyme preparation of P. morganii: conditions as in Table I. 
Tas.e III 
Activity of Enzyme Preparations Obtained from Bacteria Grown in Various Media 
w sa pa ee ee - | | Vitami = on 
| | Vitamin- itamin- Vitamin- 
Bacterial extract obtained from cells |Normal medium} aceon = Brome 10 
grown in | (Medium A) | medium | + Siotin gremrth texans 
| (Medium B) | (Medium C) | (Medium D) 
| pl. | pl. | pl. a ul. 
Oxalacetate formed............| 190 | 24 | 78 | 74 


1 


Each figure represents an average of four to nine separate experiments; conditions 
as in Table I. 


tion of enzymatic activity, within a narrow range of biotin concentration. 
10 to 20 y of biotin per vessel appeared to be optimum. Concentrations 
greater than 30 y consistently inhibited oxalacetate formation. Although 
the addition of biotin in vitro did stimulate oxalacetate formation, it did 
not bring it up to normal levels, indicating again that some other factor 
is necessary either for the formation of the enzyme or as a component of 
the enzyme system. 

Cells grown in a yeast extract-deficient medium, but to which ten growth 
factors (except biotin) had been added (Medium D), yielded extracts with 
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low carboxylation activity. The addition in vitro of 20 y of biotin per 
Warburg flask significantly increased oxalacetate formation (Table IV). 
The addition of Mg** alone also stimulated the reaction, but the largest 
values (almost equal to the normal value) were obtained on the addition 
of both biotin and Mg*+ (Table IV). The optimum concentration of Mgtt 
again was found to be 0.07 m (Table IV). The biotin concentration em- 
ployed was 20 vy per flask or a final concentration of 3.9 X 10-° M. 
Extracts obtained from cells grown in Medium C (yeast extract-deficient 
plus biotin) formed very little oxalacetate. The subsequent addition in 
vitro of both biotin and magnesium to these extracts did not stimulate 
oxalacetate formation. This would indicate that possibly one, or more, 
of the growth factors added in the previous experiment was necessary for 

















TaBLeE IV 
Effect of Biotin and Magnesium on Oxalacetate Formation 

| 

Oxalacetate formed ; . 

Mg*+ added _— | Seheieees, See 
Without biotin | With biotin 
M al. | pl. | per cent 

60 | 105 | 75 
0.05 123 | 

0.07 | 90 145 61 
0.09 | | 138 | 





Enzyme extract obtained from bacteria grown on vitamin-deficient medium plus 
ten growth factors (Medium D). Mg** in indicated concentrations; biotin, 20 y 
per flask; other conditions as in Table I. 


either the formation of the enzyme or as a coenzyme. Similar indications 
were obtained with dialyzed enzyme preparations obtained from normal 
cells, where the addition of both biotin and magnesium in vitro (under 
optimum conditions for oxalacetate formation) only slightly regenerated 
the original activity before dialysis. The addition of the following pos- 
sible cofactors to the enzyme preparations obtained from bacteria grown 
in vitamin-deficient media had little or no effect: pantothenic acid (10, 
30, 50, 100 +), crude diphosphopyridine nucleotide (DPN), 15 per cent 
(10, 30, 50, 100, 200 y), ATP (0.00015 m, 0.00045 m, 0.0015 m), muscle 
adenylic acid (30 y). 


DISCUSSION 
Several groups of investigators have demonstrated a metabolic relation- 
ship between biotin and aspartic acid and biotin and oxalacetic acid (12- 
19). These results indicated that biotin may either be a coenzyme for a 
carboxylation enzyme or may simply be necessary for the formation of 
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the enzyme. Biotin appeared to restore the ability of aged E. coli cell 
to decarboxylate oxalacetate (17) and of an avidin-inhibited 1. lysodeii; 
ticus preparation to incorporate CQO, into oxalacetate (20). These result 
were interpreted as evidence that biotin functions as a coenzyme in CO, 
fixation. On the other hand, there seems to be no correlation betwee) g. 
biotin content and activity of oxalacetic decarboxylase obtained from ya. 9. 
rious sources (7, 21). Biotin did not activate crystalline oxalacetic de-!?: 
carboxylase obtained from M. lysodeztkticus (22), nor was it a part of the) 


| 4. 
dv. 


6. 
7 


purified malic enzyme obtained from pigeon liver and from L. arabinosus — 
(23, 24), which catalyzes the following CO, fixation: 13. 
HOOC-CH.-CHOH-COOH + DPN = CH;-CO-COOH + CO, + DPN-H, y)* 

l-Malic acid Pyruvie acid 15. 


These results are generally interpreted as indicating that biotin is involved j. 
in the synthesis of the CO,-fixation enzymes, rather than as a cofactor. 17. 

However, the results of Christman and Lichstein (25) suggest a rein- 18. 
vestigation of the biotin content of oxalacetate decarboxylase, since the !9: 
methods employed for the assay of bound biotin may not have been suff * 
cient to liberate the acid-stable form of biotin if it were present. Ti! , 
present report demonstrates the necessity of biotin as a cofactor for oxai 2B. 
acetate formation from pyruvate and bicarbonate. 

Byerrum e¢ al. (21) have reported that a plant oxalacetate decarboxylase *: 
is inhibited by ions in proportion to the cube of the ionic strength. Tl a, 
relatively high concentrations of bicarbonate, phosphate, and Mg*+ here 2 
may possibly have functioned to inhibit the decarboxylation of the oxal- 
acetate which was formed, thus accounting for the higher yields of oxal- 
acetate. However, it should be recalled that the bicarbonate requirement 
could not be replaced with equimolar concentrations of phosphate and 
the phosphate requirement could not be replaced with KCl or NaCl in 
any concentrations tried. 

SUMMARY 

The effect of various factors (such as extraction temperature, dialysis, 
aging, freezing, heating, and inhibitors) is described on the formation of 
oxalacetate from pyruvate and bicarbonate as substrates by an enzyme 
extract obtained from Proteus morganii. 

The maximum conditions for this carboxylation reaction, in addition 
to the enzyme, are (1) pyruvate, 0.07 to 0.08 m; (2) bicarbonate, 0.19 ™; 
(3) pH 8.1; (4) inorganic phosphate, 0.09 m; (5) Mg++, 0.07 m; and (6 
biotin, 20 y per flask or approximately 3.9 x 10-° M. 
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LIVER ESTERASE AND XANTHINE OXIDASE DURING 
PROTEIN DEPLETION* 
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The nature of the labile protein that is lost from the liver during protein 
deprivation (1, 2) has yet to be established. Salt fractionation of the 
soluble liver proteins has not revealed any component that is lost selec- 
tively (3, 4). Fractionation of the liver by differential centrifugation 

showed that the nuclei are relatively unaffected by a protein-free diet, 
while appreciable amounts of nitrogen are lost from the mitochondria, 
microsomes, and supernatant fraction (5). Similarly desoxynucleic acid, 
which is found exclusively in the nuclei, is not depleted by a low protein 
diet (5-7). 

Liver enzymes are also affected to varying degrees by a low protein 
diet. Alkaline phosphatase, which is present in high concentration in the 
nuclei (8, 9) and bile ducts (9), is retained during protein deprivation; its 
concentration per gm. of liver actually increases as other proteins are re- 
moved (9-11). Cathepsin and arginase are associated with the sediment 
composed of mitochondria and microsomes (12), and both of these enzymes 
are lost in part along with the labile protein (10, 11, 13, 14). p-Amino 
acid oxidase is reported to be associated exclusively with the mitochondria 
(15); its loss on an 8 per cent protein diet is slight (16), while a protein- 
free diet causes more extensive decreases (13). The marked depletion of 
the labile protein on a protein-free diet in comparison with the much 
smaller effect produced by a diet containing 6 per cent protein can also be 
seen from the different results obtained with arginase (10, }3). The effect 
of protein deprivation on the mitochondrial enzymes, uricase (17), suc- 
cinoxidase (18), and adenosinetriphosphatase (18), has been found to be 
limited (19-21). The distribution of catalase within the liver cell has not 
been reported; in yeast it is found to some extent in the supernatant (22). 
Protein depletion causes a loss of catalase from the liver cell that appears 
to exceed the loss of labile protein (10). Starvation causes changes in the 
liver enzymes which are similar to but usually less marked than the results 
of protein deprivation. 


* Aided by a grant from the American Cancer Society upon recommendation of 
the Committee on Growth of the National Research Council. 
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Of the enzymes studied so far, only xanthine oxidase is known to }y. in the 
drastically and selectively removed from the liver as the result of feeding, ties h 
a low protein diet (10, 23). It is probable that the enzyme responsible Warb 
for acetaldehyde metabolism (if it is different from xanthine oxidase) and Ani 
the enzyme responsible for estrogen inactivation are also severely depleted bicark 
by protein deprivation (24, 16), but direct quantitative studies of these Dupli 
enzymes have not yet been made. proce 

The limited results available to date suggest that the cell nuclei and titrat 
structural proteins are relatively resistant to protein depletion, while the luted 
labile protein comes from the cytoplasm. The mitochondria and their 1:50 
associated enzymes are neither spared nor preferentially removed, but are 2 0 
depleted in rough proportion to the total nitrogen loss. Only the results. tivity 
with xanthine oxidase and possibly catalase show that certain liver pro- 5 tin 
teins can be removed selectively from the liver protoplasm, in contrast to, 1:50 
the general loss of the protoplasm itself. of th 

The purpose of this investigation was two-fold: (1) to determine the (29): 
location of xanthine oxidase in the liver cell in relation to the sedimentable allow 
particles, and (2) to study the fate during protein deprivation of one of the, Ring 
few enzymes known to be present in high concentration in the microsome ratec 
fraction, liver esterase (25). Xanthine oxidase was found quantitatively: duri 
in the supernatant fraction. Liver esterase was depleted by a low protein and 
diet at a slower rate than xanthine oxidase, but its concentration was re- Wes 
duced to 30 per cent by a protein-free diet. 


EXPERIMENTAL T 


Groups of five to eight adult, Sprague-Dawley male rats, previously nitr 
maintained on chow, were placed on a purified 8 per cent casein or protein- oxid 
free diet for 1 to 16 weeks, as listed with the results. Three groups of| '2 
rats were fed the 8 per cent casein diet for 14 weeks, after which a 21 per} 2! I 
cent casein diet was fed for 1, 2, or 3 weeks. These diets were identical “€ 
except for variations in protein content and corresponding adjustments in cho 
sucrose. The ¢omposition of the 21 per cent casein diet was given previ-| C 
ously (23), but in this study sucrose was substituted for glucose. bece 

At the end of the dietary period, the rats were sacrificed by decapita- L 
tion. A sample of the liver was homogenized with 5 volumes of phosphate | 't 
buffer, and 1.7 ce. aliquots of the homogenate were analyzed for xanthine witl 
oxidase in the presence and absence of 0.15 cc. of 0.0113 m methylene blue | Ve 
as previously described (19). Hypoxanthine was used as the substrate. plet 
A portion of the homogenate was centrifuged in the high speed attachment the 
of an International refrigerated centrifuge at 0-2° for 90 minutes at maxi- val 
mum motor speed (4000 to 4200 r.p.m.; approximately 30,000 x 4). the 
The supernatant was decanted and tested for its xanthine oxidase activity | ' : 
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in the presence and absence of methylene blue. Xanthine oxidase activi- 
ties have been recorded in c.mm. of oxygen consumed per 20 minutes per 
Warburg flask containing 283 mg. of fresh liver. 

Another sample of the liver was homogenized with 9 volumes of Ringer- 
bicarbonate buffer (26) saturated with 5 per cent CO,.-95 per cent No. 
Duplicate 10 cc. aliquots were analyzed for nitrogen by a macro-Kjeldahl 
procedure in which the digested sample was distilled into boric acid and 
titrated with standard acid. Other aliquots of this homogenate were di- 
luted with more of the same buffer to final concentrations of 1:100 and 
1:500. The 1:100 dilution was centrifuged at 30,000  g for 90 minutes 
at 0-2° and decanted, and the supernatant was analyzed for esterase ac- 
tivity. The precipitate was resuspended in the buffer and diluted to 
5 times the volume centrifuged in order to obtain the precipitate at a 
1:500 dilution of the original liver. The precipitate and the 1:500 dilution 
of the whole liver homogenate were also analyzed for esterase activity 
(25). In this procedure 0.5 ec. of the homogenate or enzyme solution was 
allowed to react at 38° with methyl butyrate in 1.5 ec. of the bicarbonate- 
Ringer buffer; the gas phase, with which the reaction medium was satu- 
rated, was 5 per cent CO.-95 per cent Ne. The CQO, evolved linearly 
during the reaction in a Warburg flask was measured every 10 minutes, 
and the results have been expressed as c.mm. of CO: evolved per 10 min- 
utes per flask containing 1 mg. of fresh liver. 


Results 


The effects of various diets on liver xanthine oxidase, esterase, and 
nitrogen are summarized in Table I. As reported previously (23) xanthine 
oxidase was depleted to ‘‘zero” levels by an 8 per cent casein diet. A pro- 
tein-free diet produced the same effect more rapidly. Feeding a purified 
21 per cent casein diet to rats maintained for 14 weeks on an 8 per cent 
casein diet restored the liver xanthine oxidase to about 75 per cent of the 
chow value. This result (10, 23) was obtained within 1 week and was not 
increased by feeding the 21 per cent casein diet for a longer period of time 
because of the absence of the liver residue factor from the purified diet (27). 

Liver esterase was decreased to about 55 per cent of its starting concen- 
tration by feeding the 8 per cent protein diet. This effect was obtained 
within 2 weeks and was not altered further by continuing the diet for 16 
weeks. Changing to a 21 per cent purified casein diet after 14 weeks com- 
pletely restored the liver esterase to its starting value within 2 to 3 weeks; 
the nitrogen concentration was restored to about 93 per cent of its starting 
value. Hence protein appeared to be the only dietary factor involved in 
the response of this enzyme. A protein-free diet reduced the liver esterase 
to about 30 per cent of its starting value within 1 week, and this effect 
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was not altered by a longer dietary period. A protein-free diet had ; 
more extensive effect on this liver enzyme within 1 week than could 
produced by feeding an 8 per cent casein diet “‘indefinitely.”’” Above mini. 
mum values the level of liver esterase rapidly came into equilibrium with 
the level of dietary protein and remained at the level until the protein 
content of the diet was changed. 

Fig. 1 shows the relationship between the concentration of these tw 
enzymes in the liver and the nitrogen content. Both enzymes decreased 
in proportion to the loss of nitrogen, but at different rates. The greater 


TABLE I 
Effect of Various Diets on Liver Xanthine Oxidase, Esterase, and Nitrogen 
































Diet Body weight ee Liver constituents =. 

| oy Xanthine oxidase, | 
Tyee /Puae] | e | oh |, Ger | con per ie | Nom 

mg. per mg. 
wks. gm. gm. | mg. per gm. 
Chow | 8 341 | 36.5 + 2.3 | 38.4 + 4.1 | 34.7 + 0.7 
Purified 0% pro- 1 5 | 342 | 306| 5.44 1.4 | 12.6 + 1.3 | 27.5408 
tein | 2] 6 | 337) 269} 0 +0 9.941.2| 24.44 0.2 
| 4 5 | 247) 186; 0 +0 13.4 + 1.2 | 24.7 + 1.1 
Purified 8% casein) 2 | 6 | 261 | 242) 7.2 + 2.7 | 20.3 + 1.5 | 27.2 + 0.8 
| 6 6 | 266 | 293} 1.83 41.2] 19.3 + 2.1 | 265+ 0.5 
| 13 6 | 320/375; 0 +0 22.44 1.3 

| 16 6 | 277 | 382 0 +0 22.0 + 1.1 | 25.4 + 0.8 
Purified 8% casein) 1 | 6 | 305 | 361 | 26.2 + 1.9 | 32.2 + 3.2 | 32.8413 
for 14 wks. then} 2 | 5 | 327 | 418 | 28.6 + 1.3 | 37.8 4 4.4 | 31.3 40.1 
21% casein | 30) 16 | 318 | 385 | 26.5 + 1.0 | 43.8 + 2.9 | 32.5 + 0.5 





| 
| 
| 
| 
| 
| 
| 


The recorded values are means + standard errors. | 


effect of a protein-free diet as compared with an 8 per cent casein diet on 
the esterase concentration was paralleled by a correspondingly greater loss 
of nitrogen. By extrapolating the line to a zero enzyme concentration it 
can be determined that a complete removal of esterase would be achieved 
when the liver nitrogen was reduced to 21 mg. per gm. Such an pri! 
was not produced by a protein-free diet. Xanthine oxidase was depleted 
to ‘‘zero” levels when the liver nitrogen was about 26 mg. per gm., and 
this effect could be achieved by an 8 per cent protein diet as well as by 4 
protein-free diet. These values represent a decrease of 25 per cent and 
40 per cent, respectively, from the starting protein concentration for 4 
complete removal of xanthine oxidase and esterase from the liver. It can- 
not be inferred that this percentage represents the amount of original liver 
protein lost, because these concentration values do not account for changes 
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in other liver constituents or for the decreased size of the liver. It may, 
_ nevertheless, be a useful method for comparing the relative rates at which 
different enzymes are removed from the liver during protein deprivation, 
provided no gross fatty infiltration occurs. By this criterion arginase 
and D-amino acid oxidase could be removed from the liver by decreasing 
the protein concentration approximately 50 per cent (13). 
Fig. 2 shows the relationship between the esterase activity of the original 
homogenate and the precipitate obtained from the homogenate by centri- 
fugation at approximately 30,000 X g for 90 minutes. An average 80 per 
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LIVER NITROGEN MGGM 
Fig. 1. The relationship between the enzyme activities and the nitrogen concen- 
tration of the liver. Xanthine oxidase activity = c.mm. of O2 consumed per 20 min- 
utes per flask containing 283 mg. of fresh liver. Esterase = c.mm. of CO: evolved 
per 10 minutes per flask containing 1 mg. of fresh liver. 


cent of the total activity was present in the precipitate, and this relation- 
| ship was maintained as the liver esterase was depleted during protein dep- 
| tivation. Omachi et al. (25) found 14 per cent of the total esterase 
activity in the supernatant. An additional 3 hour centrifugation removed 
asmall additional amount of esterase from the supernatant. If the super- 
natant esterase represents a soluble enzyme rather than incompletely sedi- 
mented microsomes, as seems likely, then it can be concluded that the 
supernatant esterase is depleted at the same rate as the esterase found in 
the sedimentable particles. All of the esterase activity not found in the 
precipitate was recovered in the supernatant. 

Localization of Xanthine Oxidase—A preliminary survey of the xanthine 
oxidase activity in each of the four fractions obtained from rat liver by 
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differential centrifugation of an alkalinized saline homogenate (25) ual 
that the nuclei, mitochondria, and microsomes were free of this enzyme. 
All of the activity of the original homogenate was present in the superna- 
tant fraction. Xanthine oxidase was also recovered quantitatively in the 
supernatant when all three sedimentable fractions were collected together 
as a single precipitate by an initial high speed centrifugation of the liver 
homogenate for 90 minutes. Homogenization of the liver in the 0.04 
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ESTERASE ACTIVITY OF ORIGINAL HOMOGENATE 


Fic. 2. The relationship between the esterase activity of the whole liver homog- 
enate and the precipitate obtained from the homogenate by centrifugation at ap- 
proximately 30,000 X g for 90 minutes. 
CO, evolved per 10 minutes per flask containing 1 mg. of fresh liver or the precipi- 
tate obtained therefrom. The dotted line represents a theoretically complete re- 
covery of the enzyme in the precipitate. 


phosphate buffer, pH 7.4 (Na: K = 1:1), routinely used in this laboratory 
for the determination of xanthine oxidase (19), gave similar results. 
Fig. 3 shows the results of a typical experiment in which normal rat 
liver was homogenized with 5 volumes of phosphate buffer and centrifuged 
at 0-2° for 90 minutes at approximately 30,000 X g. The supernatant 
was decanted and centrifuged again for a total of 9 hours to remove a small 
additional microsome-like precipitate which was discarded. The precipi- 
tate of nuclei, mitochondria, and microsomes from the first 90 minute 
centrifugation was washed three times with one-third the original phos- 
phate buffer and centrifuged 3, 2, and 2 hours after each washing; the 
washings were discarded. The washed precipitate was finally suspended 
in phosphate buffer and made up to one-half the volume originally centti- 


The esterase activity is given in c.mm. of} 
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| fuged. 1.7 cc. aliquots of the original homogenate, the 1.5 and 9 hour 


yme.) supernatants, and the washed precipitate were tested for xanthine oxidase 
erna-| activity with hypoxanthine substrate. The ability of these fractions to 
n the} oxidize urate was also determined (19). 
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The high speed centrifugation removed the large endogenous respiration 
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Fic. 3. The endogenous respiration curves for the original 1:6 rat liver homogen- 
ate (O. H.) and the corresponding supernatants (S.) after 13 and 9 hours centrifu- 
gation at approximately 30,000 X g. The oxygen consumption is given for Warburg 
flasks containing 1.7 cc. of each solution (283 mg. of fresh liver). Hypoxanthine 
| (HX.) was tipped in at 40 minutes to give the dotted lines. The precipitate of 
nuclei, mitochondria, and microsomes was washed three times and suspended in 0.5 
volume of buffer so that the 1.7 cc. tested corresponded to 566 mg. of fresh liver. 


The net oxygen consumptions resulting from the substrate additions are shown in 
the upper left corner. 


of the liver homogenate from the supernatant without changing its xan- 
thine oxidase activity. Hypoxanthine oxidation by the supernatant fol- 
lowed a curve which was characteristic of the purified enzyme instead of a 
liver homogenate, inasmuch as the initial inhibition was avoided and the 
tate decreased progressively with time. The low net oxygen consumption 
immediately following the addition of hypoxanthine to a liver homogenate 
nay be due in part to the inhibition of some enzyme in the precipitate, as 
shown in Fig. 3. The lack of a linear rate of enzyme activity in the super- 
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natant is probably due to the removal of all the uricase with the precipitate, yanth 
Centrifugation for 90 minutes consistently removed all of the uricase fron} to cot 
the supernatant, and it was found in the precipitate. No xanthine oxidas: to uri 


was removed from this solution by centrifuging for 9 hours at 30,000 x ¢ 

Fig. 4 shows the relationship between the xanthine oxidase activities ¢) 
many rat liver homogenates and their corresponding 90 minute high speei| 
supernatants, as determined in the presence and absence of methylen 
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XANTHINE OXIDASE IN ORIGINAL HOMOGE NATE 

Fic. 4. A comparison of the xanthine oxidase activity of the original rat liver 
homogenate and the corresponding supernatant obtained after 14 hours centrifuga. 
tion at approximately 30,000 x g. The xanthine oxidase activity was determined 


manometrically in the presence and absence of methylene blue, and the results} 


are recorded in c.mm. of O2 consumed per 20 minutes per Warburg flask containing| 
the equivalent of 283 mg. of fresh liver. The lines represent the theoretical re- 
lationship for a quantitative recovery of the enzyme in the supernatant. A zer0| 
value for the supernatant was obtained in twenty-seven determinations when the 
original homogenate was zero (no methylene blue). 


blue. The individual values fall close to the theoretical lines which shov 
the presence in the supernatant of the same amount of activity found 
the original homogenate. The enzyme was recovered quantitatively i 
the supernatant throughout the entire range of possible activities. When 
the xanthine oxidase activity of the original homogenate was “‘zero”’ be- 
cause of a continuing inhibition of the endogenous respiration by the added 
hypoxanthine substrate (19), the supernatant behaved similarly to give 
“zero” values for the supernatant also; removal of the sedimentable par- 
ticles and a large percentage of the endogenous respiration did not prevel! 
this inhibition phenomenon, which was attributed to the inhibition @ 
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xanthine oxidase by an excess of substrate (19). All of the enzymes needed 
to convert adenylic acid and the purine substrates previously studied (28) 
to uric acid were also found to be present in sufficient concentration in the 
supernatant in order to form hypoxanthine and xanthine. 

Fig. 5 shows the relationship between the xanthine oxidase activities 
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XOA - ORIGINAL HOMOGENATE 


Fic. 5. The relationship between the xanthine oxidase activity (XOA) of rat 
liver homogenates determined manometrically in the presence and absence of meth- 
ylene blue. The results are recorded in e.mm. of O2 consumed per 20 minutes per 
Warburg flask containing 283 mg. of fresh liver. 0.15 ec. of 0.0113 m methylene blue 
was added to the flasks for the determination of the enzyme activity in the presence 
of methylene blue. The activity in the presence and absence of methylene blue is 
expressed by the following equation: xanthine oxidase (methylene blue) = 1.44 X 
xanthine oxidase (no methylene blue) + 5. 


of various rat liver homogenates in the presence and absence of methylene 
blue. The linear relationship that exists throughout the range of possible 
activities shows that the ratio of oxidase to dehydrogenase activity (29) 
mains unchanged as the enzyme is removed from the liver by dietary 
procedures. The detection of small amounts of enzyme by the addition 
of methylene blue to liver homogenates of “zero” activity was noted pre- 
viously (19). Xanthine oxidase could not be removed completely from 
the liver by protein deprivation, but over 90 per cent was lost. 
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| 
DISCUSSION unchat 


It is possible that a large percentage of the non-structural and non/ 
nucleoproteins of a liver cell is composed of enzymes, and that many sue} 
components are affected to some degree by protein deprivation. A los 
of enzyme activity per unit weight of liver protein (or nitrogen) may no: 
represent a selective loss of the enzyme from the protoplasmic proteins, 
but rather a disproportionate loss of the protoplasmic proteins themselye: 
in comparison with a negligible or less marked decrease in the nuclei an( 
structural proteins. It can therefore be anticipated that many enzyme 
will be depleted faster than the liver protein, and that the enzyme t 
nitrogen relationship will not pass through the origin when extrapolated 
to a zero enzyme concentration because of the presence in the cell of ex. 
zyme-poor or enzyme-free proteins that are relatively resistant to protei 
deprivation. 

It has already been established that all of the cytoplasmic constituents 
are not depleted at the same rate, and that the labile proteins are not re 
moved completely from the cell. It is not yet known whether certai 
enzymes, such as esterase, can be selectively removed from the particulate 
substances, or whether the loss of such enzyme activity represents a re 
moval of intact particles. It is also unknown whether other “soluble” 
enzymes would be removed from the liver cell faster than the particulate 
enzymes in the manner demonstrated for xanthine oxidase. 


SUMMARY 


Rat liver esterase was decreased to 55 per cent of its starting concentra. 
tion by feeding an 8 per cent casein diet for 2 to 16 weeks. Changing ti 
a 21 per cent casein diet completely restored the liver esterase to its start: 
ing value within 2 to 3 weeks. A protein-free diet reduced liver esteras! 
to 30 per cent in 1 week; no further reduction resulted from a longer dietary 
period. The liver protein concentration would have to be reduced ai 
estimated 40 per cent in order to remove all the esterase from the liver 
80 per cent of the total esterase activity was found in the combined pre, 


cipitate of nuclei, mitochrondria, and microsomes, and this relationshiy| 


was maintained as the total amount of enzyme was depleted during pro- 
tein deprivation. 

Xanthine oxidase was depleted to ‘‘zero” levels when the protein cor 
centration was decreased 25 per cent by feeding either an 8 per cent casei 
or protein-free diet. Changing to a 21 per cent casein diet restored live 
xanthine oxidase to only 75 per cent of the starting value. Xanthini 
oxidase was found quantitatively in the supernatant after centrifuging 
rat liver homogenates of varying activities at approximately 30,000 xX : 
for 13 hours. The ratio of “oxidase to dehydrogenase”’ activity remaine 
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‘unchanged, as xanthine oxidase was removed from the liver by protein 
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The quantitative separation of amino acids by chromatography on col- 
| umns of starch has been described in previous publications (1-3). In ex- 
‘tending these investigations, a systematic study has been made of the 
| separations of amino acids by elution analysis on columns of synthetic ion 
exchange resins. With a sulfonated polystyrene resin, Dowex-50, it has 
been possible to develop a chromatographic technique applicable to a 
wider variety of problems of biochemical interest. Starch columns possess 
the disadvantage that fluids of high salt content, such as blood plasma or 
urine, require desalting prior to chromatography (4). Moreover, contam- 
ination of the effluent by traces of carbohydrate, coupled with the rela- 
tively low capacity of these columns, tends to interfere with the isolation 
of pure compounds (5). Methods in which columns of Dowex-50 are em- 
ployed have been found to be free from these difficulties. 

Ion exchange resins of various types have been used in the past to sep- 
arate amino acids into groups, acidic, basic, and neutral, and also to sep- 
arate some of the individual basic or acidic amino acids (cf. (6)). The 
data of Englis and Fiess (7) indicated that certain of the monoamino acids 
are adsorbed to different degrees by sulfonic acid type resins, but little 
| information was available as to whether columns of ion exchange resins 
could yield a degree of resolving power comparable with that obtainable 
with starch or paper. Recently Partridge and coworkers (8-11) have em- 
ployed displacement development on ion exchange columns for the sep- 
aration of amino acids on a preparative scale. Those primary fractions 
containing more than one amino acid were rechromatographed. Their 
experiments, together with our results by elution analysis (4), have dem- 
onstrated that synthetic resins are capable of separating most of the com- 
mon amino acids from one another. For analytical experiments, and for 
isolation work on a small scale, elution analysis would appear to possess 
higher resolving power and, for this reason, has been employed in the 
present studies. 

In Fig. 1 is shown the result obtained upon passage of a complex mix- 
ture of amino acids through a 0.9 X 100 cm. column of Dowex-50. This 
particular resin (Bauman and Eichorn (12)) is one which is available com- 
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664 CHROMATOGRAPHY OF AMINO ACIDS 
mercially in a finely divided form well suited for chromatography and hafbuffers 
been demonstrated to yield columns of high efficiency for the separatig}yays t 
of inorganic cations (cf. (13)). In the experiment shown in Fig. 1, thin the 
resin is employed in the sodium form and the amino acids are eluted bj cloric 
useful 
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Fic. 1. Separation of amino acids from a synthetic mixture simulating the com port 
position of a protein hydrolysate. The column of Dowex-50, 0.9 X 100 em., was oper} sglyj 
ated in the sodium form, with buffers of the pH and temperature indicated as eluants that 

A sample of about 6 mg. of amino acids (see Table IL) was chromatographed. Thi 
position of an amino acid peak is reproducible, on the average, to better than 5 pe ‘ype 
cent. Owe 
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and haf buffers of progressively increasing pH. The results are similar in many 


Daratio, 


yays to those previously reported (5) for columns of Dowex-50 operated 


1, thfin the hydrogen form, from which amino acids were eluted with hydro- 


uted by 


chloric acid of increasing normality. Although acids as eluants may be 
yseful in isolation experiments, buffers as eluting agents possess several 


—— advantages. Many sensitive compounds may be chromatographed with 


jss danger of decomposition when buffers are employed. In addition, a 
more neutral effluent is easier to analyze by the ninhydrin method. 

As may be seen in Fig. 1, it has been possible to arrive at a combina- 
tion of conditions which, in a single experiment, causes each of the com- 
mon amino acids to emerge as a discrete peak. In addition, all the amino 
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| Fig. 2. Separation of the basic amino acids on a column of Dowex-50 0.9 X 15 
Fem. The column was operated in the sodium form at 25° with the buffers indicated. 


| Asample of about 6 mg. of amino acids (see Fig. 1 and Table II) was employed. The 


large peak, A, comprises all the amino acids emerging before tyrosine in Fig. 1 


acids are recovered quantitatively with the exception of histidine, lysine, 
and arginine. In order to obtain quantitative recovery of the basic amino 
acids, it has been found necessary to employ a shorter Dowex-50 column 
and to elute with buffers below pH 7 (Fig. 2). 

It is clear that the separations attained in Fig. 1 cannot be ascribed 
solely to differences in the ionic natures of the amino acids. The rate of 
travel on a column of a sulfonated polystyrene resin is a function both of 
the charge possessed by an amino acid and the nature of its side chain; it 
saresult of the affinity of the resin for both the ionic and the non-ionic 
portions of the moiecule. Accordingly, columns of Dowex-50 exhibit a re- 
solving power for mixtures ef amino acids which compares favorably with 
that obtained on starch. ‘The procedure employed to obtain curves of the 
types shown in Figs. | and 2 is outlined in the experimental section, fol- 
owed by a discussion of the influence of variables upon the process and 
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notes on the applicability of the technique to the analysis of protein hy small 


drolysates and of naturally occurring mixtures of amino acids. deter 
The 1 
Procedure to se 


Preparation of Ion Exchange Columns—The chromatograph tubes use 100 ¢ 
in these experiments were of the Zechmeister-Cholnoky type, with grouni} by g¢ 
joints and coarse sintered glass plates, and had an inner diameter of ()!} obtal 
em.! The tubes for columns of resin 100 cm. in height (Fig. 1) are jacketei\ pour 
to permit temperature control by circulation of water from a constant tem} mate 
perature bath The jacket, similar to that of a condenser, is 108 cm. lon) a fur 
and is constructed of 2 em. (outer diameter) tubing. The inlet should ty the t 
about 2 cm. from the bottom of the jacket and the outlet about 4 em) of lt 
from the top. The jacket is fastened to the chromatograph tube with} face 
rubber stoppers. The shorter columns (15 em. in height, Fig. 2) wer} falle 
operated without a jacket in a room maintained at 25° + 0.5°. | ond 

Dowex-50 (250 to 500 mesh) was purchased from the Microchemieal ate) 
Specialties Company, Berkeley 3, California. 1 pound of the moist resi umn 
as supplied in the hydrogen form, will suffice for the preparation of fou late 
100 cm. columns, with some to spare. The resin (1 pound) is first washed! glas 
with 4 N HCl on a Buchner funnel with very gentle suction. After wash- 10 § 
ing with 4 to 8 liters of acid, the filtrate, which is initially yellow, should) an 
be nearly colorless. After two washes with distilled water (colloidal mate. fum 
rial may appear in the filtrate), the resin is washed with 2 N NaOH until pres 
the filtrate is alkaline. The resulting sodium salt of the resin is suspended. the 
in about 3 times its volume of N NaOH and heated over a steam bath fa! by 
about 3 hours with occasional shaking. The supernatant fluid is decanted hav 
or siphoned after about a } hour period of settling and replaced with fresh F 
hot N NaOH. This procedure is performed five times in all. The initial} |. 
supernatant liquids appear very cloudy; the final washes are almost clear) ent 
The resin is filtered, washed free of alkali, and passed through a 120 mesh !at 
screen with 6 to 8 liters of distilled water. By this procedure a few large! pH 
particles may be removed. The resin is filtered and stored as the moist} 0s 
sodium salt. 

For the preparation of a column, the resin is washed on a filter with a| fae 





ts) 


1 Purchased from the Scientifie Glass Apparatus Company, Bloomfield, New 
Jersey, catalogue No. J-1663. A length of 115 em. above the sintered plate must be 
specified for use with columns 100 em. in height. The fragility of these long tubes 
is decreased if heavy walled glass tubing (0.9 em. inner diameter, 1.5 to 2 mm. wall 
thickness) is employed in their construction. Tubes 0.9 X 25 cm. are used for the 
15cm. columns. The delivery tip of the chromatograph tube should be beveled 

2A constant temperature bath, the temperature of which can be varied readil 
and which is equipped with a circulating pump (10. H. Sargent and Company, typ 
NS1-33 pump, for example), may be employed. 
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small amount of 0.1 mM sodium citrate buffer, pH 3.4 (not containing the 
detergent used later), and suspended in about 2 volumes of the buffer. 
The thickness of the slurry should be such that, when the resin is allowed 
to settle completely, about 200 cc. of supernatant buffer are present per 
100 cc. of settled resin. All bubbles should be removed from the slurry 
by gentle stirring after it has been allowed to stand for an hour or two. To 
obtain uniformly efficient 100 cm. columns it has been found desirable to 
pour the slurry into the chromatograph tube in five portions of approxi- 
mately equal volume (about 50 cc.). Each portion is poured in through 
a funnel, the tip of which is bent to direct the stream against the side of 
the tube. The first portion of resin is allowed to settle under air pressure? 
of 10 to 15 em. of mercury until no further drop in the height of the sur- 
face of the resin occurs. The pressure is maintained until the liquid has 
fallen to within about 10 cm. of the surface of the resin, whereupon a sec- 


ond portion of the slurry is added. The final additions (or withdrawals) 
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are made to bring the height of the column to 100 cm. The 15 em. col- 
umns are similarly poured in one or two sections. If, at this stage or 
later, the top surface of the resin is irregular, it should be stirred with a 
glass rod in the presence of a few em. of supernatant buffer and allowed 
to settle again. A separatory funnel (about 300 cc. capacity) containing 
an appropriate buffer solution is mounted (cf. (1)) over the column. The 
funnel may be attached directly, or, with the aqueous solvents used in the 
present experiments, a length of plastic tubing may be interposed between 
the funnel and the column. In the latter case, pressure can be adjusted 
by moving the funnel as a leveling bulb. After about 100 ce. of buffer 
have been run through, the column is ready for use. 

Preparation of Buffers—The composition of the buffers is given in Table 
I. Since the reproducibility of results on ion exchange columns is depend- 
ent upon pH, the pH values of the buffers have been determined accu- 
rately. The measurements have been made at 25° + 0.5° on a model R 
pH meter manufactured by the Cambridge Instrument Company, Inc., 
Ossining, New York. A 0.05 m solution of potassium acid phthalate, pH 

* Accurate control of air pressure has been obtained by the use of equipment manu- 
factured by The Moore Products Company, H and Lycoming Streets, Philadelphia 
4, Pennsylvania. The laboratory compressed air (initially at 65 pounds pressure) 
is passed through a filter (No. 2306) and a reducing valve (No. 60) set to give 20 
pounds pressure on a gage (No. 1169-1). Air of the desired pressure for each chroma- 
togram is withdrawn from this 20 pounds line through a Nullmatie pressure regulator 
(model 40-15), one being employed for each column. The Nullmatic pressure regu- 
lators are equipped with the same 0 to 30 em. of mercury outlet pressure gages de- 
scribed previously (1). In order to prevent clogging of the pressure-regulating 
equipment by rust, should the air filter become overloaded, it is advantageous to use 
brass or copper piping on the clean side of the filter. 
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TaBLeE I 
Preparation of Buffers | 


sii cg ' 
——_— 





| x 
sx | HCl or NaOH required to 
pH Composition* | bring 1 cc. buffer to pH 5 





3.42 + 0.01 | 500 cc. pH 5 sodium citratet + 110 ce. 1.0 | 0.1 ec. N NaOH 
(Fig. 1) N HCl + 390 ce. water + 0.5 ec. thiodi- 
glycol per 100 cc. 





4.25 + 0.05 | 500 cc. pH 5 sodium citratet + 50 cc. nN | 0.05 “ “* 
(Fig. 1) HCl + 450 ce. water + 0.5 ce. thiodigly- 
col and 1.0 cc. benzyl alcoholf per 100 
| ee. 
6.7 40.1 | 21 gm. citric acid monohydrate + 290 cc. | 0.05 “ 0.5 x HCl 
(Fig. 1) N NaOH to volume of 1 liter 


8.3 + 0.05 | 250 cc. 0.2 m NaHCO;§, || + 5 cc. 01 M/0.1 “2N HCI 
(Fig. 1) Na:CO; 
9.2 + 0.05 | 500cc. 0.2m NaHCOs§ + 90 cc. 0.2N NaOH] 0.1 “2 « 


(Fig. 1) 
11.0 + 0.05 | 0.1 m Na2CO; UJ aia ile 
(Fig. 1) 
5.0 + 0.1 | 500 cc. pH 5 sodium citratet + 500 ce. | None 
(Fig. 2) water + 0.1 gm. disodium versenate{ 


and 1.5 ec. benzyl alcohol per 100 ce. 





6.8 + 0.03 | 500 cc. 0.1 M NasHPO, + 450 cc. 0.1 m | 0.05 ce. 0.5 N HCl 
(Fig. 2) NaH:2PO,:H.20 + 0.1 gm. disodium ver- | 
senate and 1.5 cc. benzyl alcohol per 
100 ce. 
6.5 + 0.05 | 42 gm. citric acid monohydrate + 580 ce. | 0.05 ‘* 2 n HCl 
(Fig. 2) 1.0 n NaOH to volume of 1 liter + 0.1 | 


gm. disodium versenate{ and 1.5 ce. | 
benzyl alcohol per 100 cc. | 








* To all buffers, 1 cc. of BRIJ 35 solution per 100 cc. is added. 
t This is the pH 5 (0.2 m) buffer employed for the ninhydrin method (2). A 1:1 
dilution of the buffer normally has a pH of 4.95. 


t The benzyl alcohol serves to improve the resolution of tyrosine and phenyl. 
alanine. 

§ Freshly prepared before use. 

|| This buffer loses COz on standing and hence becomes more alkaline. Add a! 
cm. layer of mineral oil over the buffer in the separatory funnel to stabilize the pl 
during the chromatographic experiment. 

{| Analytical grade. We are indebted to the Bersworth Chemical Company 
Framingham, Massachusetts, for disodium versenate which contains negligible 
amounts of ninhydrin-positive material when tested in 0.1 per cent concentration 


4.00, was used as a standard. The various buffers can be prepared il 
quantity, adjusted if necessary with a few ec. of N HCl or NaOH, ané 
stored in the cold with thymol. 

The operation of ion exchange columns with a detergent in the eluant 
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| has been found to permit faster flow rates without concomitant broaden- 


——|ing of the peaks on the effluent curves. Therefore, for each 100 cc. of 
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buffer taken for a chromatographic experiment, 1 cc. of a detergent solu- 
tion is added just before use. The detergent solution is prepared by dis- 
solving 50 gm. of BRIJ 35 (Atlas Powder Company, Wilmington, Dela- 
ware) in 100 ce. of water. BRIJ 35 is an ether of polyethylene glycol and 
has the advantage of being a neutral and relatively stable detergent. 

For the 100 em. columns, the buffers all have about the same sodium 
concentration (0.2 m), in order to minimize the swelling and shrinking of 
the ion exchange resin which would occur with changes in the ionic strength 

‘of the eluant. Before analysis by the ninhydrin method, each effluent 
‘fraction must be brought to about pH 5. The amount of acid or alkali 
required to make this pH adjustment for a 1 cc. effluent fraction is in- 
cluded in Table I for each buffer. The acid or alkali is added from a 
burette in the manner already described (3). If acid is allowed to remain 
ina burette for several hours, the tip of the burette must be wiped free of 
NH,Cl before use. 

It has been observed with ion exchange columns, as with starch chro- 
matograms (1), that losses of methionine occur unless thiodiglycol is added 
as an antioxidant. Thiodiglycol can be obtained by the redistillation of 
Kromfax solvent (Carbide and Carbon Chemicals Corporation 30 East 42nd 
Street, New York) under reduced pressure. 

Since the buffer of pH 3.42 + 0.01 is the only one the performance of 
which requires checking, it is convenient to prepare it in 10 liter quan- 
tities. To check the buffer, a mixture of alanine, cystine, and valine is 
chromatographed. The pH of the buffer is then adjusted so that the 
cystine peak is about midway between the neighboring alanine and valine 
peaks (Fig. 1). The position of the cystine peak is very sensitive to the 
pH of the buffer. At pH 3.47 cystine emerges almost with alanine, while 
at pH 3.37 its peak begins to overlap that of valine. 

Operation of 100 Cm. Columns—About an hour prior to use, the pre- 
pared column is mounted on a fraction collector (1), and water, tempera- 
ture-controlled at 37.5° + 0.5°, is started circulating through the jacket. 
The synthetic mixture of.amino acids analyzed in the present work was 
similar to that employed previously (3). A 0.1 ce. aliquot of the acidic 
synthetic mixture was added to 1 ec. of the buffer of pH 3.42 and 0.5 ce. 
of the resulting solution was placed on the column. In the case of more 
dilute protein hydrolysates, 1 cc. of the hydrolysate can be added to 1 or 

ee. of buffer, and a 1 or 2 ec. sample placed on the column. A pipette 
with a bent tip facilitates the addition of the sample to the column with- 
out disturbing the surface of the resin. A similar pipette is used to add 
three 0.3 ce. washes of buffer, as described for starch (1), except that the 
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sample and washings are allowed to drain into the column under gravity 
The surface of the resin should not be allowed to remain dry for more tha 
about 5 minutes. A longer time may cause bubbles of air to be trappei 
in the surface of the column. In adding samples to a buffered column of 
Dowex-50, it is important that the pH of the sample be the same or |e 
than the pH of the column. A pH of 2.5 to 3.0 is optimum. Brief con. 
tact with a buffer of higher pH can cause the bands to spread. A con- 
venient load for analytical work is about 5 mg. of total amino acid mixture 
(0.1 to 0.5 mg. per amino acid). Since the capacity of Dowex-50 columns 
is high, the total load can be increased several fold, if desired, to increase 
the accuracy of the determination of components present in small amounts, 

When heated columns are employed, it is necessary to use relatively air. 
free buffers in order to prevent the formation of bubbles in the column as 
the temperature is raised. At the beginning of the experiment shown in 
Fig. 1, about 300 cc. of buffer of pH 3.42 were heated to boiling, poured 
into the separatory funnel, and while still warm, covered with a layer of 
mineral oil to prevent access of air. The use'of boiled buffer is not essen- 
tial as long as the column is operated at 37.5°. Since, however, it is nec- 
essary to have only air-free buffer of pH 3.42 in contact with the column 
before the temperature is raised to 50°, it is usually convenient to use the 
boiled solution from the beginning. ‘ 

The rate of solvent flow through the column should be adjusted to 
about 4 cc. per hour. A faster rate will cause the peaks to broaden, 
particularly in the leucine-isoleucine range (Fig. 1). The 100 cm. col- 
umns usually run at the appropriate rate under gravity or slight pressure. 
The effluent is collected in 1 cc. fractions. The photometer tubes em- 
ployed on the fraction collector do not have to be coated with a silicone 
film (3) when aqueous eluants are employed. Solvent changes are made 
in the manner previously described (3). The boiled buffer of pH 4.25 
should be run on to the top of the column without letting the surface run 
dry, that is, while 1 mm. of the previous buffer is still present. 

The change of solvent to buffer of pH 4.25 should take place at the be- 
ginning of the valine peak (about 225 ce.). During the course of an ex- 
periment, the time of change can best be estimated by multiplying the 
observed position of the proline peak by 1.63. The temperature is also 
changed at this time to 50°. As the temperature rises, the rate of flow 
will increase and a lowering of the pressure is required to maintain the 
desired rate of flow. 75 ce. later (at about 300 ee.) the temperature is in- 
creased to 75° to improve the separation of tyrosine and phenylalanine. 
Frequently the chromatogram is stopped at 375 ee., which is the end of 
the quantitative part of the experiment. If stopped, the column should 
be allowed to cool to room temperature before closing the stop-cock of the 
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eparatory funnel. If the chromatogram is to be continued for elution of 
the basic amino acids, subsequent operation is at 25°, with changes of 
duant to buffers of pH 6.7, 8.3, 9.2, and 11, as indicated in Fig. 1. The 
juffer of pH 6.7 is interposed for a 5 to 6 hour period between the buffers 
if pH 4.25 and 8.3 to avoid the generation of bubbles of CO, in the col- 
umn which might otherwise occur were the shift to be made directly. 
After the experiment is finished, the column should finally be cleaned with 
about 100 cc. of 0.2 N NaOH containing BRIJ 35, which may be run 
through rapidly if necessary. The column is then ready for conversion to 
pH 3.42 and reuse. 

Dowex-50 columns can be used over again indefinitely, so far as we have 
observed. If not used promptly, the top and bottom of the chromato- 
gaph tube should be closed off to prevent drying of the resin. If the 
surface of the column becomes clogged in the course of use, the top cm. of 
the adsorbent should be removed and replaced by fresh resin. 

Operation of 15 Cm. Columns—. 





The shorter columns employed for the 
determination of the basic amino acids (Fig. 2) are operated at 25°. The 
pH of the sample to be analyzed should be about 4. The 15 cm. columns 
mun too rapidly under gravity and require a slight negative pressure, 
which may be applied by pulling air through a water tower connected to 
the top of the separatory funnel by rubber tubing, or by lowering the 
eparatory funnel itself. The shifts of buffer are made from pH 5 to 0.1 
v phosphate, pH 6.8, and 0.2 citrate, pH 6.5, as indicated in Fig. 2. 
lf histidine emerges too close to lysine, a phosphate buffer of pH 6.85 or 
(.90 may be employed. The column is cleaned with 0.2 n NaOH before 
reuse. 

Analysis of Effluent Fractions—The effluent fractions are brought to 
about pH 5 with one or two 0.05 cc. drops of the appropriate concentra- 
tion of HCl or NaOH and analyzed by the photometric ninhydrin method 
2).4 The hold up volume of the 0.9 X 100 cm. columns is about 22 ce. 
The more acidic buffers, however, have a significant retardation volume. 
Hence, the amount of N NaOH added to each fraction should be decreased 
from 0.1 to 0.05 ce. at a point 35 ce. after the buffer of pH 4.25 is added to 
the top of the column. The subsequent changes in neutralization of the 
fluent fractions are made at a point 25 ce. after the buffers in question 
lave been added to the column. For the 15 em. columns (Fig. 2), the 
‘orresponding changes in neutralization are made 4 cc. after the change 
of buffer. 

Ammonia emerges from the 100 cm. column (Fig. 1) as a peak very near 
arginine. Since quantitative recoveries of ammonia are not possible, 

‘ Ninhydrin sufficiently pure so that recrystallization is unnecessary is currently 
obtainable from Dougherty Chemicals, 87-34 134th Street, Richmond Hill, New York. 
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because of loss by volatilization from the alkaline buffer, it is preferabk tans 8 
to remove ammonia completely before analysis. For this purpose, groups thereat 
of 50 of the tubes containing the buffer of pH 11 are placed in a larg Quan 
vacuum desiccator prior to neutralization, and the desiccator is evacy. tained 
ated continuously by a water pump for 2 hours at room temperature, shown 

In order to obtain accurate analytical values, the 1 cc. effluent fractions| 
require the addition of 2 cc. of ninhydrin reagent and this procedure ha ° pase 
been followed in the present work. Nearly the same accuracy can le glutam 
achieved, however, with 1 cc. of ninhydrin solution, provided a 30 min- 
ute heating time is used instead of the usual 20 minutes. With 1 ¢¢, 
samples and 2 cc. of ninhydrin reagent, the color yields of most of the, The 
amino acids have been checked and found to be the same as those ob- 1. API 
tained before ((2), Table II) with the following changes: aspartic acid) 
0.93, serine 0.97, alanine 0.99, valine 1.00, and tyrosine and phenylalanine| 
0.91. The correction factors were calculated according to the equation| 
given previously (2), with the knowledge that no loss in volume because| Asparti 
of evaporation occurs during the heating period. For maximum accv-' Threor 
racy, it is desirable that the volume of the fractions delivered by the a 
fraction collectors be 1.0 + 0.1 cc. The volume calculations and the ite 
adjustment of the pH are sufficiently sensitive so that a 0.1 cc. variation glyein 
in the volume of 1.0 cc. effluent fractions can give rise to a 2 per cent erro! Alanin 
in the final integration. Cystin 

As has been pointed out previously (1, 3), the choice of blanks against Wn 
which the amino acid peaks are read is crucial for maximum accurac |"), 
In order to insure a constant blank reading with buffers of pH 3.42 audi tageiz 
4.25, it is essential to take precautions (3) against the uptake of ammonia Tyros 
while the full tubes are on the fraction collector. From Fig. 1 it can be Pheny 
seen that the base-line for the aspartic acid-proline range can be obtained 8 
readily from the several valleys in that portion of the curve. The blank pare 
after proline can always serve as the point of reference for the glycine and __ 
alanine peaks. Depending upon the exact position of cystine, the curve jig 
may or may not return to the base-line both before and after the cystine , 
peak. Hence the base-line for cystine and valine can be chosen after 
valine. The blank reading may change slightly at the point of emer- 
gence of the buffer of pH 4.25, just ahead of methionine. The blank for 
the three peaks in this range is, therefore, best chosen after leucine. 

In the determination of the basic amino acids (Fig. 2) the emergence] 
of the buffer of pH 6.5 is accompanied by a rise in the blank of about 
0.15 optical density unit. The blank for the ammonia peak should, there- ieee 
fore, be chosen just after the peak rather than before it. The high blank, ,, : 
which results from the mobilization of traces of ammonia adsorbed from j¢ 4 
the previous buffers, does not prevent accurate integration of the rela- N 
tively sharp ammonia peak superimposed thereon. The high blank con- 
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tinues as a plateau under the ammonia peak and for a number of fractions 
thereafter, but falls again to the usual low value before arginine. 
Quantitative Analysis of Synthetic Mixtures—The average results ob- 
ined by the integration of the curves in chromatograms of the type 
shown in Fig. 1 are summarized in Table II. Recoveries of 100 + 2 per 
cnt are obtained for the majority of the amino acids. Low yields are 
obtained for the basic amino acids, and slightly low results are given by 
glutamic acid, cystine, and methionine. In the case of glutamic acid, the 
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of the The mixture was chromatographed on Dowex-50 in the manner indicated in Fig. 
)se ob. 1. Approximately 6 mg. of the mixture were employed for each chromatogram. 

















ic acid | | oe 
aati Amino acid | Average recovery — — aise 
juation| | per cent per cent 
ecause| Aspartic acid................ eee eee | 99.6 +2.7 12 
. accu. Threonine Se diaiecee aaa eae’ whe mele emer | 101.9 +3.2 12 
by the 1 Rie eden Pat etre apse tara sont oe 100.4 +2.6 | 12 
GinantC REIC. «2.50 o0.ks Seen 96.7 +2.1 11 
nd the'proline.......... Ait So an 101.0 42.4 il 
ice, ERR et 99.2 +2.8 12 
GT CUM IP NIRMECIR = ect Me os ich tig hea coe 100.7 | +2.2 12 
ANSTO aire parker er ees 96.1 +1.9 10 
SS ee a 43.9 | 12 
Z Mag MIOTRINOR G3... 5.c0ivac gaesssiona wha 95.8 +2.2 11 
tae: re | 101.0 +1.4 7 
Stic 3; errr reeeene 100.6 +2.1 12 
WI IND, ove ask caves easdwhen te 99.8 +2.6 5 
can be Phenylalanine..................... 98.2 +1.4 5 
separ IGOR (1. Ac ih 955.6 tei eee tn Caer 70 Ca. +11 Ca. 9 
| gee 456% | 9 
UO eieie +s cvoreocecvesssenes Le +6 “ | 8 
ne and | | 





» curve 
cystine 
1 alter 

emer- 
ink for 
e. 


yield of 96.7 per cent is constant and is independent of the amino acid 
concentration. Analytical results for glutamic acid can therefore be cor- 
rected for the 3 per cent loss, which is probably the result of pyrrolidone- 
carboxylic acid formation in the feebly acidic solvent. As would be ex- 
pected on this assumption, the yield is a function of time and of the 
\temperature at which the column is operated. At 25°, essentially quanti- 
TBENCL| tig recoveries of glutamic acid are obtained, whereas with columns 
about operated at 60° the recovery drops to below 70 per cent. The slightly low 
“ reeovery of methionine may be occasioned by failure of the thiodiglycol 
‘to protect the sulfur completely from oxidation, or it may be a reflection 
of slight impurities in the sample of methionine employed. 
“No satisfactory explanation can be offered at present for the low recoy- 
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eries of the basic amino acids when alkaline buffers are used as eluants, | ‘eine, - 
Experiment has shown that a notable improvement of the recoveries js } ™a2Y 
not obtained if buffers such as phosphate and borate are substituted for} — 
the carbonate buffers. The yields are unaffected by the presence of thio-| ||© 
diglycol as an antioxidant or of versene to remove traces of metal ions} || 
Satisfactory recoveries are not obtained if the column is operated at 4° . 
or 37.5°, instead of the usual 25°. The basicity of the amino acid is not a 
determining factor, since tryptophan, which emerges before lysine (see sl 
Fig. 3), is recovered to no greater extent than is arginine. Losses are also} 
encountered with histamine. 

It has not been possible to obtain quantitative results for the basic 1H 
amino acids unless eluting buffers of pH 7 or less are employed. In Fig, 

2, the first large peak eluted at pH 5 contains all the amino acids which 
TaBLeE III te 
Recovery of Amino Acids from Column of Dowez-50 15 Cm. in Height k— 
The column was operated under the conditions given in Fig. 2. =—_ 
Per cent recovery 0- 
Constituent a a kins tees << Laie ean i Ss cs 
Chromatogram | Chromatogram | Chromatogram | Chromatogram 
908 | 909 | 910 911 
ve ee a 
J RPAAG) 0) 0) 0: a rr 100 | 102 | 104 108 Me 
one 99 | 9 | 102 | 102 n 
ee | 101 =| ~— 100 102 101 is 
I isthe rdncy eens dices | 99 96 m0 
NN es cis pen xk or exeeccs | 101 | 100 102 101 pH 
——————— 
emerge before tyrosine and phenylalanine in Fig. 1. The recoveries for 
tryptophan and subsequent peaks are 100 + 3 per cent under these con- 
ditions, as may be seen in Table III. To attain quantitative results, the I 
chromatogram must be started with a buffer of pH 5. If it is started with 
a buffer of pH 6.8, the results are low, particularly for histidine. If versene 
is not included, low recoveries may be obtained after continued use of the hie 
columns. The benzyl alcohol serves to sharpen the tryptophan peak and| #8 
to move it ahead of histidine. 

Chromatographic Analysis of More Complex Mixtures—In many bio-| Fr 
logical media, ninhydrin-positive substances other than the ones shown in |e | 
Fig. 1 are encountered. The positions of some amino acids and related |“ th 
compounds not discussed thus far are shown in Fig. 3. Thirty-two sub- dee 
stances were chromatographed together and thirty peaks can be recog- ‘his 
nized on the effluent curve, with two complete overlaps. The positions of the ¢ 
the individual components in this case, and in earlier instances, have been oH 
established by preliminary chromatograms with simpler mixtures. Cys-| ” 
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ine, if present, is gradually oxidized and does not yield a peak. The 
many variations in the nature of the eluting conditions which can be 
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Fic. 3. Separation of amino acids and related compounds from a synthetic mix- 
ture containing thirty-two components. The experimental conditions are the same 
is those given in Fig. 1. 


effected with Dowex-50 columns increase the likelihood of resolving sub- 
stances which are not well separated by the buffer systems employed for 
the experiment shown in Fig. 3. For example, if a buffer of slightly lower 
pH, such as 3.2, is employed in place of the buffer of 3.4, hydroxyproline 
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will move farther ahead of aspartic acid. On the other hand, a pH ¢ 
3.6 will move cystine to a point well ahead of a-amino-n-butyric acid 
The importance of applying as many criteria as possible to the identificy. 
tion of the peaks on a complex curve has been stressed for the amino acid 
in the case of starch (1, 3) and applies with equal emphasis here. 

The 15 cm. columns used for the quantitative determination of the basi 
amino acids do not possess as high a resolving power as do the 100 em 
columns. For example, ornithine emerges with lysine in the experiment 
shown in Fig. 2 and can only be recognized by the slight asymmetry i 
confers upon the leading edge of the lysine peak. Hydroxylysine appear 
well ahead of lysine, but coincides with histidine, while glucosamine yield 
a sharp peak superimposed upon the center of the broader tryptophan 
peak. -Alanine travels very close to tyrosine and phenylalanine. — Since 
the 15 cm. column has limited resolving power, it is recommended that an 
unknown mixture first be chromatographed in the manner shown in Fig, 
1, in order to obtain a qualitative picture of the components in the basic 
amino acid range. 


DISCUSSION 


Effect of Variations in Resin—The procedure leading to effluent curves 
of the type shown in Figs. 1, 2, and 3 has grown out of a study of the 
characteristics of columns of different preparations of sulfonated poly-| 
styrene, operated under varying conditions of pH and with buffers of| 
different anionic and cationic nature, at various flow rates and loads. The 
nature and constancy of behavior of the resin are, of course, central factors 
in the problem. Different manufactured lots of the standard Dowex-50 
(250 to 500 mesh spheres) have given the same results. A curve similar 
to the one shown in Fig. 1 was obtained with a “low color’ resin prepared 
by a different process of sulfonation.> Major variations in the particle 
size and the degree of cross-linking of the polystyrene polymers, however, 
van cause different results. With 100 mesh resin the peaks were about 
twice as broad as those shown in Fig. 1. The improved performance of 
finer mesh material has been demonstrated for the separations of the rare 
earth elements (13, 14). The results of the amino acid studies parallel the 
observations made with inorganic ions with the exception that, in amino 
acid chromatography, colloidal agglomerates of Dowex-50 were found to 
have no advantage over the 250 to 500 mesh beads. 

The standard Dowex-50 resin used in this work was prepared from sty- 
rene copolymerized with about 8 per cent divinylbenzene. The resulting 

5 The different types of Dowex-50 resins discussed in this section were obtained 
from Dr. W. C. Bauman of The Dow Chemical Company, Midland, Michigan, whose 
cooperation we wish to acknowledge with gratitude. 
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product may be considered to have a molecular structure the holes or pores 
of which are characteristic of 8 per cent cross-linking. When amino acids 
were chromatographed on a 16 per cent cross-linked resin (250 to 500 mesh) 
ata rate of solvent flow similar to that used with the 8 per cent resin, 
broad, very poorly resolved zones were obtained. This result indicates 
that the pore size of this resin was too small to permit rapid penetration 
into the resin particle of substances the size of amino acids. If this sup- 
position is correct, there should also be a molecular weight range above 
which efficient chromatography on the 8 per cent cross-linked resin will 
not be feasible. In the present work it has been found that dipeptides 
sich as glycylleucine can be chromatographed well on the standard resin. 
The tetrapeptide, leucylleucylglycylglycine, gave a somewhat broader peak, 
however. To obtain sharp peaks with the higher peptides, resins of 4 or 
2 per cent cross-linking may be required. Lower cross-linked resins are 
not so satisfactory for amino acid chromatography, however. It has been 
found, for example, that, compared to the 8 per cent resin, the 2 per cent 
resin is somewhat deficient in resolving power. Under conditions similar 
to those shown in Fig. 1, serine and threonine are not well separated, nor 
are glycine and alanine. In addition, the greater tendency of the 2 per 
cent resin to shrink and swell with changes in ionic strength gives rise to 
columns of poorer mechanical stability. The amino acid peaks obtained 
from columns of the 2 per cent resin are not sharper than those shown in 
Fig. 1. Moreover, faster rates of solvent flow cause the peaks to broaden 
just as much on the 2 per cent resin as was found to be the case for the 8 
per cent resin. In general, it appears preferable to use a resin with the 
highest degree of cross-linking compatible with the separations to be 


| achieved. 


Effect of Variations in Eluant—The chromatographic behavior of amino 
acids on columns of Dowex-50 operated in the sodium cycle can be varied 
by changes in the pH and the ionic strength of the eluting buffers. In 
general, low pH values decrease and high pH values increase the rate of 
travel of the amino acids shown in Fig. 1. Thus, at pH 2.5, the amino 
acids are retained near the top of the column. At pH 5, on the other hand, 
all except the basic amino acids move rapidly (see Fig. 2). As might be 
expected, the positions of aspartic acid, glutamic acid, cystine, and pro- 
line are relatively the most sensitive to pH when buffers in the range pH 3 
to5 are employed. If, for example, operation of a column is begun with a 
buffer of pH 4.0, instead of the buffer of pH 3.4 shown in Fig. 1, aspartic 
and glutamic acids are accelerated preferentially and emerge still separa- 
ted but ahead of both threonine and serine. Cystine also moves faster 
and appears before glycine, while proline is relatively retarded and emerges 
near alanine. Under these conditions, moreover, the resolution of gly- 
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cine, alanine, and valine is largely lost, and these three emerge very clox 
together. As has already been noted for the case of hydroxyproline and 
the basic amino acids, the use of buffers possessing a pH different from any 
employed in the experiments shown in Figs. 1 and 2 can aid in the reso. 
lution of specific overlaps. 

The effect of variations in the molarity of the citrate buffers has also 
been studied. In general, raising the Na* concentration produces changes 
similar to those induced by raising the pH. Thus, 0.2 m sodium citrate 
at pH 3.1 gives a pattern very similar to that obtained at pH 3.4 with the 
0.1 m buffer, except that the aspartic acid-threonine and glutamic acid. 
proline separations are marginal. With buffers of much lower concentra- 
tion than 0.1 M, unsatisfactorily broad and asymmetric peaks are ob- 
tained. The effect of employing buffers of higher ionic strength has been 
utilized to advantage in the experiment shown in Fig. 2. A more concen- 
trated buffer (0.2 m citrate), rather than one of higher pH, was employed 
to accelerate arginine. 

The properties of the eluant can also be changed by the addition of an 
organic solvent. For example, the presence of about 1 per cent benzyl 
alcohol in the eluant has been found to have a sharpening effect on the 
peaks of the aromatic amino acids and tends to increase their rates of 





travel relative to the others. Experiments with citrate buffers contain-| 


ing varying amounts of propyl alcohol have revealed that, in general, or-| 


ganic solvents accelerate preferentially the amino acids possessing the 
longer non-polar side chains, thus, in effect, tending to reverse the normal 
order of emergence for the glycine through leucine group of amino acids. 
With 25 per cent propyl alcohol, alanine is moved ahead of glycine, iso- 
leucine overlaps valine, and threonine is farther in front of serine. For 
specific separations, particularly in preparative work, alcoholic solvents 
can frequently be used to advantage. 

Effect of Temperature—The separations of amino acids obtained on 
columns of Dowex-50 are dependent on temperature. Increasing the 
temperature of the citrate-buffered columns increases the rate of movement 
of all the amino acids. Part of this effect results simply from the rise in 
pH which occurs when citrate buffers are warmed. More specific effects 
also occur, however. For example, methionine and isoleucine appear to- 
gether when eluted at 25° under conditions otherwise quite similar to 
those shown in Fig. 1. At 60°, on the other hand, methionine is well 
ahead of isoleucine.6 Tyrosine and phenylalanine are also completely 
resolved at 60°, whereas at 25° and 37° they emerge together. Operation 
of the column at 60° throughout has the disadvantages that isoleucine 


6 The effect of temperature upon the separability of methionine and leucine has 
been reported recently by Partridge and Brimley (11). 
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and leucine are poorly separated, and that the yield of glutamic acid is 
markedly lowered, as has been mentioned previously. A consideration 
of all the factors involved suggested the sequence of temperatures shown 
in Fig. 1. The column is warmed just enough at the beginning to insure 
the separation of methionine and isoleucine without impairing the sepa- 
ration of the latter from leucine. After the emergence of isoleucine, the 
temperature is again raised to facilitate the separation of the two aromatic 
amino acids. It should be mentioned that, as was found with inorganic 
ions (13, 14), the rate of the exchange of amino acid ions between solution 
and resin is probably increased at higher temperatures. For this reason 
somewhat faster rates of solvent flow can be used under these conditions 
without a concomitant broadening of the amino acid peaks. 

Operation of Dowex-50 Columns in Hydrogen and Ammonium Cycles— 
An effluent curve showing the results which may be obtained with a 
Dowex-50 column operated in the hydrogen cycle has already been pub- 
lished ((5), Fig. 8). Prior to analysis by the ninhydrin method, the HCl 
was removed from the effluent fractions by evaporating them to dryness 
ina vacuum desiccator attached to a water pump and warmed to 40° with 
an infra-red lamp or a heating mantle. Alternatively, the samples can 
be neutralized accurately with NaOH and analyzed directly. The in- 
creased volume of the neutralized samples requires the use of more nin- 
hydrin solution, however, unless aliquots are pipetted for analysis. For 
the isolation of many of the amino acids, the HCl system can be useful 
(cf. (15)), although operation in the ammonium cycle with ammonium 
formate, acetate, and carbonate buffers will probably prove preferable. 
These can all be removed conveniently by sublimation. A systematic 
scheme permitting the isolation of amino acids from 2 to 5 gm. of a pro- 
tein hydrolysate by the use of such buffered columns has been developed 
by Dr. C. H. W. Hirs and will form the subject of a forthcoming commu- 
nication. 

Operation of Dowex-50 in Lithium and Potassium Cycles—When opera- 
ted at 25° with lithium citrate buffers, Dowex-50 gives a curve very similar 
to the one shown in Fig. 1. The resolution of some amino acids is slightly 
improved, but the separation of glycine and alanine is less complete. It 
is primarily for this reason that operation in the sodium rather than the 
lithium cycle has been chosen. With the potassium salt of the resin, 
very poor resolution and markedly broad peaks were obtained. 

Applicability of Method—Compared with the starch method (1, 3, 16), 
the ion exchange technique is about twice as rapid for the analysis of pro- 
tein hydrolysates. The 100 cm. column (Fig. 1) requires 4 or 5 days to 
run through tyrosine and phenylalanine. If the 3 day curve for the basic 
amino acids (Fig. 2) is obtained concurrently, analysis for all the com- 
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ponents of an acid hydrolysate (cysteine excepted) can be completed inj} The 
days. The determination of tryptophan in alkaline hydrolysates has noif and ar 
been studied by the present method. hydrol 
The procedure has been applied to blood plasma and urine. ‘The fac} The p 
that the performance of the column is not altered by the presence of the the pr 
inorganic salts of the blood was first established with synthetic mixtures} ingly, 
containing the appropriate ratio of salt to amino acid. In practice, the} out p1 
dialysate (17) from 5 ec. of blood plasma can be concentrated and chroms- 
tographed exactly in the manner described for protein hydrolysates. In 
the case of urine, only a slight modification in technique is required. The} | 
very large amounts of urea and other constituents in a 4 cc. sample of urine| ? 
of specific gravity 1.020 cause a distortion of the peaks in the aspartic acid- : = 
proline range. This distortion can be eliminated if the column is started] 5 
with a citrate buffer of pH 2.5. After 60 fractions, a buffer of pH 2.92 
is introduced for forty additional fractions, followed by the buffer of 
pH 3.42 and the usual shifts thereafter. The points of emergence oj 
taurine and urea given in Fig. 3 are not noticeably different in the buffer 
of pH 2.5. The remaining amino acids move so slowly at the lower pH 
values that the pattern obtained after the shift to the buffer of pH 3.42 
is almost identical with that shown in Figs. 1 and 3. There are a number 
of peaks on urine curves the full interpretation of which requires further 
investigation. 
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SUMMARY 


A procedure is described for the chromatographic fractionation of mix- 
tures of amino acids by elution analysis on columns of Dowex-50, a sul- 
fonated polystyrene resin. On a 0.9 X 100 cm. column operated in the 
sodium form, elution of amino acids is effected by the use of buffers of 
progressively increasing pH, from 3.4 to 11. In experiments with syn- 
thetic mixtures of amino acids simulating the composition of protein 
hydrolysates, a sequence of buffers has been developed which yields in a 
single chromatogram an effluent curve in which every component emerges 
as a discrete peak. For analytical work, 3 to 6 mg. of the amino acid 
mixture are required per chromatogram. Integration of the curves has 
given quantitative recoveries (100 + 3 per cent on the average) for all 
except the basic amino acids. These latter may be determined with the 
aid of a second column, 0.9 X 15 cm., with buffers in the range pH 5 to 
6.8. The position of emergence of some of the less common amino acids 
and related compounds has also been determined. 
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The resin columns possess higher resolving power than starch columns 
uid are more convenient to operate. An amino acid analysis of a protein 
hydrolysate can be carried out in about half the time required with starch. 
The performance of the ion exchange column is not adversely affected by 
ihe presence of inorganic salts in the material chromatographed. Accord- 
ingly, blood plasma dialysates and urine may be fractionated directly with- 
out preliminary salt removal. 
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‘ELECTROPHORETIC AND CHEMICAL STUDIES OF CANINE 
PANCREATIC JUICE 
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(From the Departments of Biochemistry and Physiology, Dalhousie University, 
Halifax, Canada) 


(Received for publication, May 29, 1951) 


The presence of protein in pancreatic juice is well established. Crude 
factionation by means of ammonium sulfate has led to the claim of the 
presence of albumin and globulin (1-3). Waldschmidt-Leitz and Wald- 
shmidt-Graser (4) detected five proteolytic enzymes in pancreatic juice, 
but only three were found by Lebreton and Mocoroa (5): prokinase, car- 
boxypeptidase, and proteinase. Kunitz and Northrop (6, 7) have estab- 
lished the presence of two proteinases, trypsinogen and chymotrypsinogen, 
by crystallization. In addition, a lipase, an amylase, and probably sev- 
eral other enzymes are present. Pancreatic juice thus contains a complex 
mixture of proteins, as detected by enzymic activity. 
| Contrary to the original observations of Pavlov (1907) that adaptation 
lof the enzymes in pancreatic juice took place in response to the type of 
‘food ingested, subsequent workers have accepted the parallel secretion of 
the three principal enzymes (8). Bykov (9) has found that this parallel 
seeretion cannot always be observed in man. From determinations of the 
extinction coefficient of the protein band at 2800 A and the concentration 
‘of protein nitrogen, Langstroth, McRae, and Komarov (10) suggested that 
either one type of protein was present or that the proteins present were 
alvays in constant proportions. 

Electrophoretic analysis provides a new tool with which to solve this 
problem. In the electrophoresis apparatus Munro and Thomas (11) have 
observed pancreatic juice secreted in response to various stimuli. They 
observed four or five components, which appeared to be independent of 
the stimulus applied and of the protein concentration of the juice. 

The present authors have repeated and extended the observations of 
Munro and Thomas. They have succeeded in isolating and identifying 
some of the components indicated by the electrophoretic diagram. They 
have followed the electrophoretic results with chemical estimations of en- 
ymic potency in response to a variety of stimuli in terms of proteinase, 
lipase, and amylase in canine pancreatic juice obtained from dogs with 
permanent gastric and duodenal fistulae. The results, in general, sup- 
port the conclusion that the electrophoretic distribution of proteins is 
independent of the nature of the stimulus. The chemical estimations are 
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not so convincing but point to an approximate parallelism of proteinag Try} 
and amylase. alter a 
of a d 


EXPERIMENTAL yolum 


Four dogs were operated upon surgically to establish permanent gastric shown 
and duodenal fistulae, the “Thomas” dog. With these animals it was Lipé 
possible to collect juice, without the use of anesthesia, by means of a metal of the 
cannula, made from a No. 16 hypodermic needle, introduced into the main Am, 
pancreatic duct. The pancreatic secretion was thus obtained without con.| 50 
tamination by gastric juice, bile, or intestinal contents. It was permitted] UPC" 
to flow into graduated centrifuge tubes, partially immersed in an ice bath,| ¢ 
The dogs required an initial period of training to lie quietly for a period metho 
of 2 to 3 hours. All 

Electrophoresis—Analyses were carried out in the Longsworth model of creat 
the Tiselius apparatus (12) and in a Longsworth single sectional cell of| expec 
11 ml. capacity. The juice was first centrifuged for 20 minutes at 2000 It y 
r.p.m. to insure clarity and freedom from mucus and erythrocytes. Aj Mle | 
portion of the sample was dialyzed, with gentle mechanical stirring (13), all de 
in cellophane tubing 1.25 inches in diameter for 4 hours, against 2000 ml. Sec 
of buffer solution. In all experiments the latter contained 0.1 N sodium lod. 
diethyl barbiturate and 0.02 Nn diethylbarbituric acid, providing a pH of mel, 
8.6 and a total ionic concentration of 0.12. The electrode vessels wer “0 
filled with this solution. The pancreatic juice was not otherwise diluted| ‘lor 
in most experiments and frequently was too dilute for adequate resolution, Pe" 

Electrophoresis was conducted at a temperature of 1° at a field strength| Pe! 
of 8.9 volts per cm. until optimum resolution of the peaks was obtained, 1§m 
This usually required about 14 hours or longer. Photographic records 
were made by the Longsworth scanning technique on Eastman panchro- 
matic plates, with Corning Filters 3484 and 4303 and a mercury are bulb 
as a source of light. A dipping refractometer was used to determine the elect 





concentration of total proteins in the dialyzed solution, assuming a specific distr 
refractive increment of 0.002. The distribution of protein in the electro- total 


phoretic pictures was estimated with a planimeter on enlargements (14). bout 


Usually an average of the ascending and descending boundaries was cal- ing | 
culated. In a few cases this was impossible because of the failure of ade-| U 
quate separation in the descending boundary. _ 
Chemical Analyses—Considerable difficulty was encountered in finding a 
methods which would yield consistent results, especially on fractions of “S® 
low enzymic activity separated electrophoretically. The method for the) 
estimation of amylase proved the most troublesome. Aliquot portions the 
were withdrawn from the whole sample at the end of collection prior to 
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Trypsinogen was estimated by the method of White and Bowman (15) 
ater activation with enterokinase prepared from the upper small intestine 
of a dog (16). A solution containing 5 mg. per ml. was added in equal 
volume to the sample of juice used for the determination. This was first 
shown to promote maximum activation. 

Lipase was estimated by the method of Archibald (17). An initial trial 
of the technique of Willstitter et al. (18) proved it to be unsatisfactory. 

Amylase was estimated in the earlier experiments by the method of 
Somogyi, as modified by Levinson and MacFate (19). Cloudiness of the 
supernatant fluid in the digestion mixtures tended, from time to time, to 
cause Wide fluctuations in duplicate tests. In the later experiments the 
method of Agren and Lagerlof (20) was found more satisfactory. 

All methods were tested in serial dilutions for their accuracy with pan- 
creatic juice and the results were found to agree within +10 per cent of 
expectation. 

It was initially proved that juice kept for 10 days at 4° lost no appreci- 
able enzymic activity as measured by the above methods. In practice, 
all determinations have been completed well within this limit. 

Secretory Stimuli—Prior to each experiment the dog was deprived of 
food for 24 hours. The experimental diets consisted of (1) bread or oat- 
meal, (2) beef tallow, and (3) lean meat, to furnish meals predominantly 
carbohydrate, fat, and protein respectively. The effects of 0.1 N hydro- 
chloric acid and of a solution of peptone (Oxo) were also observed. Ex- 
periments were performed with secretin and with pilocarpine. Each 
experimental period lasted from 1 to 3 hours and a total volume of 12 to 
18 ml. of pancreatic juice was usually collected, as described above. 


Results 


About twenty experiments have been completed which were successful 
electrophoretically. The results are presented in Tables I and II. The 
distribution of the various components is expressed as percentage of the 
total proteins present, calculated from measurements of the ascending 
boundaries. While in many cases the averages of ascending and descend- 
ing boundaries were measured, in some this was not possible, and to make 
our results comparable for all experiments the results on the ascending 


| boundaries only are listed. 
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In almost all cases a fast moving boundary, A, was observed but it 
disappeared in about 6 hours, before adequate resolution of the remaining 
boundaries had taken place. In that it comprised only 1 or 2 per cent of 
the total, it has been neglected in most of the calculations in Tables I and 
II. The stationary salt boundary is not shown or expressed in Tables I 
and IT. In most cases the concentration of total protein was remarkably 
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TaBLe I 
constal 
Electrophoretic Analysis of Pancreatic Juice predon 
pH 8.6; 1/2, 0.12; temperature 1°; 8.9 volts per cm. The la 
| | ) fuicioe 
| scending boundaries* 
Experiment No. Stimulus | Total | aes Se Thome 
| protein | ar ; 
B c | Dv | E | F Jn the 
= per cent ; | | ~_ |The o' 
D-7 Protein 1.7 29.5 | 7.6 | 33.3 | 12.4 | 17, jae ab 
D-10 | . 1.1 | 2.1 | 24.6 | 6.7 | 47.4 | 15.0} 3.1 [fom 1 
A-1 oF 1.9 18.8 6.4 | 49.6 | 17.1] 75 
B-3 . 2.0 24.9 | 3.6 | 46.3 | 13.2} 82 
C-1 os Lee 26.6 47.6 | 16.1 | 58.7 
D-9 Carbohydrate 1.5 2.1 | 23.0 | 3.6 | 49.3 | 13.0) 9.6 
A-2 e 4.0 1.7 23.2 8.7 | 39.0 | 14.3 | 15.8 
C-3 “ 2.3 21.8 | 4.5 | 50.0 | a 10.5) 
C-6 " 1.5 25.6 | 8.2 | 44.5 | 11.2 | 10.3 
D-8 Fat 1.6 2.0 27.0 5.4 | 37. 3 | | 10.8 | 17.5] 
D-11 Hy 2.0 1.0 22.9 5.9 | 48.4 | “ie 8.0 
A-3 ee 2.6 21.4 3.5 | 58.7 | 15.8 
B-1 - 3.0 29 9 [26 |e | 87] 
B-2 ” 2.8 24.7 43.6 | 15.8 | 15.5 
C-2 i 1.6 28.9 | 7.6 | 38.3 | 18.6 | 5.2 
Average Protein 1.6 | 2.1 | 24.9 | 6.1 | 44.2/ 14.8] 83 
Carbohydrate | 2.3 | 1.9 | 23:4 | 6.3 | 45.7| 12.3 | 11.6 
Fat 2.3 | 1.5 | 25.7 | 6.3 | 37.5 | 14.8 | 13.3 
* Expressed as the ratio of component to total area X 100. | 
Fic 
TaBeE II \comp 
|show 
Electrophoretic Analysis of Pancreatic Juice a3 
! — ~~ jexpet 
: | | Ascending boundaries* | 
— wk | 2 ie 4 ee _|% 8 
| | B © | s | £ F |clude 
—f - ee ‘seb iii a beat meet : | be 
D-1 | Secretin +pi-| 4.5 35.5 | 5.9 | 30.8 | 19.7 79 | 
| locarpine | | | the 
D-4 | Pilocarpine | 6.4 | 30.3 | 9.4 | 26.2 | 18.4 15.8 |Piloc 
D-5 | HCl | £2 | oot | Se ) eee | 8 16.4 |tein 
C-4 | Peptone | 2.5 | 2.6 | 9.0 | 52.0 7.9 7.5 | 
C-5 $7 | es 11.1 | 40.0 | 19.5 5.7 
ibe Deena) ae | Tee ees “_|that 
ee 28.8 7.8 | 36.7 | 15.9 | 10.7 [per 
—____—|were 
* Expressed as the ratio of component to total area X 100. as st 
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constant at about 2 per cent. In all experiments Peaks B and D were 
predominant. There was considerable variation in Peaks C, E, and F. 
The latter two were fairly equal in magnitude. Peak C was usually the 
——}lowest, next to Peak A. Compared with the results of Munro and 
Thomas (11), their value of 10 per cent is somewhat higher for Peak A 
r }in the same type of buffer, but measured on the descending boundary. 
~}The other values of Munro and Thomas are quite similar in so far as we 
| a7 jae able to identify their boundaries with ours. While it may appear 
) 3 1\fom Tables I and II that there was considerable variation in comparable 
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Fig. 1. Electrophoretic diagrams of canine pancreatic juice showing additional 
components in the ascending boundary. Experiment C-6 may be considered to 
show a typical picture with the exception of the presence of Component Bi. 


~~ lexperiments, the order of magnitude of the various components remained 
_|the same. The averages are quite similar in Table I. It may be con- 

r cluded that the protein components of the juice are secreted in constant 
~—~|proportions independent of the nature of the stimulus, as Munro and 
z |lhomas concluded. This conclusion is further confirmed on the basis of 
ithe results following the use of different stimuli, as shown in Table II. 

15.8 |Pilocarpine and peptone stimulated the secretion of a fluid higher in pro- 


16.4 |iein and smaller in volume than was the case with other forms of stimulus. 
oO : . e Z 

‘’ | In five experiments there was evidence in the electrophoretic patterns 

o.f 


__|that Boundary B consisted of two fractions, Boundary B,; making up 20 
10.7 |per cent and Boundary By, about 4 per cent of the total protein. There 
-_—|Were indications, also, the Boundaries C, E, and F were not single entities, 
asshown in Fig. 1. This suggests the possible presence of ten different com- 
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ponents in pancreatic juice, distinguishable electrophoretically. Boundary 
A is not shown in the diagrams for the reasons given above. 

Enzymic Activity—It was desirable to determine whether the enzymic 
activity of the juice, obtained as described above, also followed a paralle 
course. ‘To this end proteinase, amylase, and lipase have been estimated 
by the methods previously indicated. The results are shown in Table| 
III, expressed in various units. There were large variations in activity | 
without any relation to the particular type of food supplied. Thus the| 
highest lipase activity was on a protein diet and the highest amylase and| 
proteinase activities on a fat diet. We have recalculated the values in 
Table III on the basis of activities per 1 per cent protein to eliminate the 




















Tasue III | 
Enzymic Activity of Pancreatic Juice 
Sree -_ 
— | Stimulus | Volume Total ore Proteinase* | Amylaset | Lipaset 
a ee | a — 
| | ml. per cent 
B-3 | Protein | 18.0 2.0 3.84 15,395 | 0.40 
C-1 | « a 1.3 0.64 602 | 0.54 
C-4 | Peptone ) 25.5 2.5 2.31 | 8,226 | 
C-5 | ah | 13.8 2a 1.59 | 7,130 | 0.45 
B-l | Fat | 12.6 3.0 | 9.60 | 12,910 
Ba hltiCé* | 12.0 228 5.84 | 11,280 0.48 
cos | * | 12.5 1.6 1.59 | 2,613 | 0.30 
C-3 Carbohydrate | 19.4 2.3 2.05 | 2,828 | 0.33 
C6 . | 28.6 1 





| 5 1.84 | 6,092 | 0.12 





* Mg. of free tyrosine formed by 1 ml. of juice. 
t Mg. of maltose formed by 1 ml. of juice. £ 
t Milliequivalents of lauric acid formed by 0.5 ml. of juice. 
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effect of differing degrees of dilution. No better correlation of specific) __ 


activity to type of stimulus was thus shown. The results are expressed 
graphically in Fig. 2, converted into arbitrary common units by multiply- 
ing proteinase, amylase, and lipase activities by 2, 10-°, and 50 respee- 
tively. Compared in this way, there appears to be an approximate 
parallelism of amylase and proteinase but independence of lipase, without 
any correlation to type of stimulus. 

Electrophoretic Isolation and Identification of Boundaries-—By the usual 
manipulation of the compensator on the Tiselius apparatus, it has been 
possible to separate various boundaries, singly or in combination, and to 
assay their enzymic activities. Thus Boundaries B, F, B + C, and E + 
I’, have been isolated. An unknown degree of dilution with the buffer 
solution of the electrode vessels took place under these circumstances. 
It was necessary therefore to calculate the activities as ratios of the ac- 
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EXPERIMENT NUMBER 


Fic. 2. Comparison of the levels of enzymic activity exhibited by the whole 
specimen of canine pancreatic juice collected in each experiment. (See Table III 
for definition of units.) Experiments B-1, B-2, and C-2, from fat meal; Experi- 
ments B-3 and C-1, from protein meal; Experiments C-5 and C-4, from peptone 
meal; Experiments C-3 and C-6, from carbohydrate meal. 


Tasie IV 
Enzymic Activity of Electrophoretic Boundaries 


__activity of fraction 








| Ratio —— ———— 
Suinclien | Beuntasy activity of original juice 
| Proteinase | Amylase Lipase 
Protein | B 1:9 1:347 1:60 
“ ae: 1:7 | 1:386 1:74 
i | F 1:18 1:22; 
| E+F 1:30 1s19- 
es B | 1:6 | 1:445 1:85 
Fat Tes in? | 1:243 1:72 
“ | a | 1:11 1:650 1:72 
sd | F | 1: 00 1:42 1:72 
Carbohydrate B 1:12 1:314 1:92 
% F liw« 1:12 1:2 
of | B+C 1:5 1:89 1:15 








tivity of the original juice. It was thus possible to determine whether 
any particular enzyme had been concentrated to an unusual degree in the 
boundary. The results, presented in Table IV, indicate that Peak B of 
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the electrophoretic diagram contained proteinase, and this is confirmed 
by its absence in Peak F. Peak F was found to contain amylase, and this 
is confirmed by the marked reduction in activity in Peak B. From one 
experiment only, in which Peaks B and C were separated together, there 
is an indication that lipase may be contained in Peak C, because the 
greatest potency of lipolytic activity occurred in this fraction. While this 
is also true of the proteinase activity, it would be expected as it contained 
Peak B also, and this juice was a particularly active one. 


DISCUSSION 


No ionic mobilities of the various boundaries of the electrophoretic 
diagrams have been measured because of the doubtful value of this deter- 
mination in such complex mixtures. The fairly constant distribution of 
the boundaries and their independence of the nature of the stimulus con- 
firm the results of Munro and Thomas (11). They also explain the 
observations of Langstroth, McRae, and Komarov (10) as due to the 
presence of the protein constituents-in constant proportions. The associa- 
tion of enzymic activity with definite boundaries has been clearly estab- 
lished in some cases. This is in interesting contrast to the observation 
of Grossberg, Komarov, and Shay (21) that the proteolytic activity of 
gastric juice was exhibited by all fractions separated. 

It is possible that, if an experimental animal could be fed a specific 
type of diet for a sufficiently long time, adaptation of the type of pan- 
creatic juice might be established. 

Despite the number of investigators who have claimed a parallelism 


in the secretion of the three major enzymes in pancreatic juice, the ac-- 
curacy and precision of the methods are still open to question. This“ 


opinion is supported by the recent work of Komarov, Siplet, and Shay (22 


in terms of tryptic activity. In consequence, we do not place much em 5, 
phasis on our observations in this regard. There does appear to be all 6. 
approximate parallelism of proteinase and amylase, but this cannot bel ': 
claimed for lipase. Many of the previous claims have been based on} ~ 
questionable methods and on experiments in which the volume of secretion] 9 


was negligible. The state of the animal has not always been the same, 
and, indeed, this is difficult to achieve. More work with better methods 
is required to settle this problem conclusively. 


SUMMARY 


Pure juice has been obtained by cannula from the main pancreatic duct 
of dogs with permanent gastric and duodenal fistulae. Chemical estima- 
tions have been made of the amylolytic, lipolytic, and proteolytic activities 
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f pancreatic juice secreted in response to various stimuli. A portion of 
ach sample has been subjected to electrophoretic analysis and frac- 
timation. 

The concentration of total protein has varied between 1 and 6 per cent, 
depending on the stimulus, but it was usually between 1.5 and 3 per cent 
inresponse to food. The electrophoretic pattern at pH 8.6 in barbiturate 
buffer has consistently shown at least six peaks, exclusive of the false 
undary. The distribution has been relatively constant and independent 
ofthe nature of the stimulus. This independence also appears to be true 
of the enzymic activity of the juice. 

The average distribution of components in the electrophoretic diagrams 
is percentages of the total proteins present was as follows: Component A, 
?; Component B, 25; Component C, 6; Component D, 42; Component E, 
|5;and Component F, 10. Proteolytic activity was associated with Com- 
pnent B and amylolytic activity with Component F. Lipolytic activ- 
ity may be associated with Component C. 


We wish to acknowledge our indebtedness to the late Dr. B. P. Babkin 
under whose stimulus this work was commenced, to the National Research 
Council of Canada (Medical Division) for a monetary grant for the origi- 
ual purchase of the electrophoretic equipment, and to the Banting Re- 
varch Foundation for financial grants to one of us (E. G. Y.). 
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THE UTILIZATION OF HOST PYRIMIDINES IN THE 
SYNTHESIS OF BACTERIAL VIRUSES* 


By LAWRENCE L. WEED{ anp SEYMOUR S. COHEN 


From the Department of Physiological Chemistry and the Department of Pediatrics, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, May 18, 1951) 


The use of radioactive carbon and phosphorus has assisted in the analy- 
is of virus synthesis in the infected cell. Work with P® in the system of 
Escherichia coli infected with T.r+, Tart (1, 2), or Tert (3) bacterial viruses 
has shown that about 70 to 80 per cent of the P of virus desoxyribose nu- 
deic acid (DNA) comes from the medium after infection. About 20 to 
30 per cent of the virus DNA-P comes from the preformed host cell. Simi- 
lar data have been presented on T r+ with respect to transfer of the nucleic 
acid bases as a result of studies in which the host cell was labeled with 
\"-NH; (4) or C'-adenine (5). These data were used to support the 
hypothesis that host DNA was the source of transferred phosphorus and 
uucleic acid bases, and it appeared desirable to extend this by labeling 
host thymine and cytosine for which a significant non-specific pool does 
not exist in the host cell. We have specifically labeled the host pyrimi- 
dines by growing the bacteria in the presence of C"-labeled orotic acid 
aid have studied their transfer to virus in the reproduction of T.r+ and 
Ty. Small amounts of the individual pyrimidine components were ana- 
lyzed by methods previously described (6). 

It was stated by Kozloff et al. (4) and Evans (7) that in the transfer of 
bases of the bacterial DNA to T,r*+ each virus particle received the same 
proportion of host DNA, regardless of the time of formation of the virus 
within the host. It seems to us that the experiments purporting to dem- 
onstrate this have another possible interpretation which would invalidate 
their conclusions. In this paper we shall show that the virus particles 
synthesized early receive the largest part of the transferred host thymine 
and cytosine, whereas most of the T'sr+ synthesized later may receive none 
of the host pyrimidines. 


Methods 
Biological System—The growth of host bacteria, EZ. coli, strain B, in the 


synthetic medium has been described (8). The isolation, purification, and 
chemical and biological properties of our strains of Tsr+ and Ter have been 


teported previously (8). These virus strains require a cofactor, trypto- 


*This work has been supported by grants from the American Cancer Society and 
the Commonwealth Fund. 
t Postdoctoral Research Fellow of the United States Atomic Energy Commission. 
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phan, for adsorption to the host cells (8), and virus infection was establ mtic aci 
lished by mixing cells and virus in media containing 50 y of tryptopha},jihough 


per cc. 


ilines of 


The course of multiplication and chemical changes within the infecte wid, it a 


host has been described (8). Under conditions of multiple infection i) 


volving 1 


this medium at 37°, Tert-infected cells complete DNA synthesis by 3 houn}tosine 


and lyse in largest part several hours later. In the case of r+-infectej 


In the 


cells, the synthesis of DNA generally stops several hours before most ofy3 x 10 
the cells lyse. Cells infected with the mutant Ter complete DNA syn}. the 4 
thesis at 40 minutes, at which time most of the cells are lysing. The vin} tidylic 
present in infected cells may be liberated from cells at any time before th illed a 


period of normal lysis by inducing premature lysis with metabolic inhibitor 
such as cyanide (9). 


i 


ij 


ad. T 


lucose ¢ 


Chemical Procedures—Orotic acid containing C“ was synthesized! (10};9 Th 


and two forms of this compound were available; 7.e., the C-labeled an¢ 
C,-labeled orotic acids. The first of these compounds had a specific 2¢. 


tivity of 26,000 c.p.m. per mg., the second 25,800 ¢.p.m. per mg. (jij. 


growth of the bacteria in the presence of this compound, it was found that 
the pyrimidines, but neither the purines nor the sugar, were radioactive 


In the analysis of bacterial constituents after suitable labeling by growth|— 


in the presence of orotic acid, the cells were precipitated in cold 5 pe 
cent trichloroacetic acid (TCA) and washed twice with this cold solution 
They were then washed twice in acetone, and dried in vacuo over P:;0; 
Ribose nucleic acid (RNA) and desoxyribose nucleic acid (DNA) were iso: 
lated by a combination of Schmidt and Thannhauser (11), and Schneider 
(12) procedures. In the course of these studies, it was found that the 
separation of RNA and DNA was not complete, each nucleic acid being 
slightly contaminated to the extent of several per cent with the other 
nucleic acid. However, this does not interfere with the results, since the 
chromatographic procedures employed (13) enable the complete separation 
of uridylic, cytidylic, desoxycytidylic, and thymidylic acids, whose specific 
activities were determined. 
In the analysis of virus nucleic acid, the virus was precipitated with cold 
TCA. DNA was extracted with hot TCA (12) and the pyrimidine nucleo- 
tides were isolated. It may be noted that no trace of uracil nucleotides 
was observed, indicating the absence of significant amounts of RNA in the 

virus nuclei¢ acid. 
EXPERIMENTS 


Conversion of Orotic Acid to Pyrimidines—-When the mass of bacteria 
increases approximately 100-fold in growth in a medium containing labeled 


1 The C* was received on allocation from the Isotopes Division, United States 
Atomic Energy Commission. : 
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Stab} otic acid, it has been found that the pyrimidines of the cell have similar, 


pha 


i}though not identical, specific activities. Since the activities of the pyrim- 
iines of the host cell are far less than the specific activity of the orotic 


ectell uid, it appears that most of the pyrimidine synthesis is de novo, not in- 
ON itfylying the labeled orotic acid in the medium. The radioactivities of 
hour}ivtosine in bacterial RNA and DNA were similar but not identical. 

ecte] In the first orienting experiment, cells were grown to a concentration of 
dst 038 X 108 per ce. in 2 liters of medium containing 5 mg. of orotic acid tagged 
Sy}it the 4 position. Half of the bacteria was precipitated and uridylic and 
Vin} tidylic acids of RNA were isolated. The remainder of the bacteria was 


‘e th 


biton 


‘chilled and washed twice in medium in the absence of glucose and orotic 
iid. These cells were then resuspended in a liter of medium containing 
sucose and tryptophan and infected with Trt at a virus to cell ratio of 


(10150, The infected cells were incubated at 37° with aeration. After 5 hours 














1 and 
cat. TaBLeE I 
0; Transfer of Labeled Pyrimidines from Bacteria to Tsr* Virus 
l that ron _ ae Actual € - 
: Amount (* eer! Copan 
etive Substance pee eaknnaad aa ties pl 
i i ae a, 
— | Y | 
9 Pel Host; E. coli Uridylic acid 678 =| (219 940 
ition Cytidylie “ 700 292 1220 
P.0;} Virus Tort Thymidylic acid | 1920 105 142 
e@ 180: Desoxycytidylice acid | 604 139 646 
veider Adenine 390 5 13 
| | -mmmrumnatre ooo a 


beingihe virus was separated from the medium and bacterial débris by two 
othe complete cycles of differential centrifugation. The pyrimidine nucleotides 


= 


et 
atior 


eof the virus were isolated and their specific activities compared with that 


joi nucleotides of the host cell. These data are presented in Table I. It 


ecific]sseen that host pyrimidines are indeed transferred in considerable amounts 


‘othe viral progeny. It was also found that unlabeled infected cells could 


. cold}convert labeled orotic acid in the medium to virus pyrimidines. 

icleo| Transfer of Host Pyrimidines to Virus DN A—In these experiments, host 
rtides}tells were labeled as described above, with orotic acid tagged at the 2 
n the}position, and the specific activities of the isolated pyrimidine nucleotides 


teria 


beled 


States 


i both DNA and RNA were determined. The washed cells at a concen- 
ration of 4 & 108 per ec. were infected in a non-radioactive medium with 
'v* at a multiplicity of about 5. Virus was isolated from 2 liter batches 
it which the lysates approached titers of 10" virus particles per ce. The 
pecific activities of thymidylic acid and desoxyeytidylie acid of virus DNA 
Were determined. These data are presented in Table IT. 

From these data in Table II it can be seen that, although thymine and 
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cytosine were transferred from host to reproduced virus, by far most ¢ 
the thymine and cytosine appearing in virus were synthesized from nop. 
radioactive constituents. Furthermore, it can be noted that the specifi 
activity of virus cytidylic acid, as in the experiment presented in Table]. 
was markedly higher than that of virus thymidylic acid. 

Kinetics of Pyrimidine Transfer from Host to Virus—The discrepant ae. 
tivities of the two pyrimidines in the virus as contrasted to their similar 
activities in the host suggested that intact units of DNA were not trans. 
ferred to virus. Rather it could be inferred that the virus DNA had been 
synthesized according to its special needs of pyrimidine precursors sup- 
plied by a metabolic pool, which was derived in part from the degradation 
of host DNA but in largest part by pyrimidine synthesis de novo. This 











hypothesis could not be readily reconciled with the report of Kozloff et al, 
TaBLe II 
Radioactivity of Pyrimidines of Bacterial DNA and Virus T r+ Produced in These 
Cells 
Actual c.p.m.| a 
Amount F C.p.m. 
Substance poses tr PR arn iy > 
= nee “a a et aote = 
Bacterial RNA | Uridylic acid 1040 1139 3198 
| Cytidylie “ 1220 1877 4480 
Bacterial DNA | Thymidylic acid 212 240 2940 
Desoxycytidylic acid 320 484 4180 
Virus DNA Thymidylic acid 1410 103 | 190 
| Desoxycytidylie acid 337 54.5 | 448 














(4) that each virus particle, regardless of its time of synthesis within the 
cell, contained the same amount of material derived from host DNA. To 
prove this, these workers had performed experiments in which virus repro- 
duced in labeled bacteria was isolated from early and late lysates at. times 
after infection of 5.5, 7, and 24 hours in one experiment, and after 3, 5, 
and 24 hours in another experiment. Since it has been shown that DNA 
synthesis in these systems has been completed within 3 hours, it would 
appear that these workers had merely harvested virus liberated at different 
times, and virus in which DNA synthesis had been completed before their 
first point was obtained. 

Truly kinetic experiments in these systems may be performed in two 
ways. First, infected cells may be lysed prematurely with metabolic in- 
hibitors such as cyanide, and virus characteristic of a particular level of 
DNA synthesis may be harvested and compared with the final virus yield 
liberated by normal lysis. This was done with Ter+ virus. It has been 
shown that DNA synthesis precedes intact virus formation by a few min- 
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utes (14). Secondly, the r strain of virus could be used to infect another 
portion of labeled bacteria. Cells infected with this strain of virus will 
iyse earlier, having produced proportionately less DNA. ‘Tr virus could 
then be harvested and compared with T r+ virus produced in identically 
labeled host cells with much higher levels of DNA synthesis. It has been 
shown that DNA syntheses in cells infected with T,r or Trt virus fall on 
the same curve, the synthesis in r-infected cells stopping earlier, concomi- 
tant with lysis (8). The assumption is made that the base constituents 
{rand r+ virus are similar, if not identical. Preliminary studies compar- 
ing the bases of Ter+ and Ter have failed to reveal significant differences 
between these two viruses. 

Both kinetic methods have been employed. £E. coli cultures were grown 
exponentially to 3.7 X 10° cells per cc. in 1 liter of medium containing 20 


TaB_e III 


Kinetic Experiment Comparing Extent of Host Contribution to Virus Pyrimidines As 
Function of Time of Virus Synthesis 














Ter* | Tert Ter 
Bacterial 
Substance 
one Normal | Induced Normal — 

lysis | lysis lysis 
Increment in DNA, mg. per 6 cc. culture... 0.208 0.048 0.075 
Thymidylie acid, c.p.m. per mg. base....... 2780 217 894 766 
Base derived from host, %...............5- 7.8 32 28 
Desoxycytidylic acid, c.p.m. per mg. base...| 3420 401 1490 1252 








Base derived from host, %..............6+ | 11.7 43 37 





mg. of orotic acid radioactive at C2. Exponential growth in synthetic 
media to high bacterial concentrations was made possible by extensive 
aeration. Of the total, 400 cc. of bacteria were analyzed for base radio- 
activity. The remainder was washed and resuspended in three 2 liter 
portions of non-radioactive medium at 3.0 X 10° cells per cc. Infection 
was established at a virus to cell ratio of 5.6. The first batch was infected 
with Tgr+ and virus was harvested after lysis at 5 hours incubation. The 
second was infected with Tert and artificial lysis was induced at 35 minutes 
by adding NaCN to 0.01 m. In this system virus was harvested after 90 
minutes. The third portion was infected with Tsr and again virus was 
harvested at 90 minutes, normal lysis beginning in the population at 35 
minutes. DNA was estimated in the initial infected cultures and in the 
terminal lysates. With the Tgrt-infected cells it was shown in this ex- 
periment that DNA synthesis was completed by 3 hours. 

The activities of the isolated bases of the host and the various viruses 
are presented in Table III, as is the extent of DNA synthesis in the virus- 
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infected cells. It can be seen that the contribution of host pyrimidines tp ind in 1 
virus varies inversely as the extent of DNA synthesis and that early yields ases. 
of T.r*+ may have a contribution of host pyrimidine per virus particle 4 time Altho 
that found in late yields of Tert. of host 
The ratio of DNA synthesis in early Tort to late Tert was 1:4.3. The well as { 
ratio of host thymine in early Tert to late Tert was 4.1:1. It may be This is 
concluded from these data that early Tert had obtained the maximal] j xine ¢) 
amount of host thymine. In the formation of Tert, beyond that isolated} 7) mak 
by early induced lysis, no host thymine was available for virus synthesis, rived. fr 
Thus, the specific activity in early Ter+ was merely diluted by later pro- 


— 


thymine 
duction of virus. Comparable conclusions may be derived from the data ee 
on cytosine and essentially these by comparing the bases of Ter with those pending 


of late Ter+. The experiment with Ter has been repeated and the results RNA al 
were confirmed. 


synthes 

DISCUSSION with R 

& . , , F host D: 
The transfer of the bases of bacterial nucleic acid to virus progeny has Hive@ 
been confirmed. Since significant amounts of pyrimidine are found only rvathes 


in the nucleic acid of a cell and since it was this fraction of the nucleic acid ie, the 
that was specifically labeled, we were able to avoid here the possibility of 
transfer of cellular elements not derived from bacterial nucleic acid. That 
the pyrimidine ring was transferred as a unit is suggested by the relatively 
high specific activities of the virus pyrimidines compared to those of the) qt py 
pyrimidines of the bacteria. Breakdown to CO. would have resulted in 


pound. ' 


used it 
equal random labeling of the purines and sugar. This did not occur. | have g 
Since the specific activity of the bases of the virus varied inversely with} a ma 


the extent of DNA synthesis in the infected bacteria, and Tert virus pro-| phe inj 
duced after the first quarter of the extended latent period did not receive} Jines 9 
host pyrimidine, it is clear that the bacterial DNA cannot play a special! from 
role in determining the genetic character of the virus particles. The ge) pown 
netic properties of early and late virus are essentially identical. Indeed} pany y 
two sets of data suggest that, even in those virus particles receiving some! jence | 
constituents of host DNA, it would appear that these are derived from} yycleo, 
extensive degradation of host DNA and reconstruction to form virus DNA 

rather than from intact units of DNA. The data presented in this paper 

of the dissociation of the transfer of thymidylie and desoxycytidylic acid} 1, Cot 
indicate that this degradation of host DNA probably proceeds at least to! 2. Col 
the nucleotide level. The dissociation of the transfer of host nucleic acid ° Put 
N from P transferred indicates a degradation possibly to the nucleoside bas 








ry 4 of C 

level (4). Phe data at present suggest strongly that the bases of virus) 5 p,, 
DNA are derived from a metabolic pool which consists of early stages of) 6. We 
7. Ev: 


virus synthesis of constituents from host DNA and newly synthesized bases 
| 
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°S to} ond in later stages of virus synthesis exclusively from newly synthesized 
ields | iyses. 

imes Although these experiments were primarily concerned with the transfer 
of host pyrimidines, the present data also show synthesis of cytosine as 
The} yell as thymine by infected cells, albeit less of the former than the latter. 
y be} This is consistent with our preliminary data, indicating markedly less cy- 
imal | osine than thymine in these viruses, a situation not prevailing in the host. 
ated To make virus DNA, therefore, more cytosine than thymine could be de- 
SIS. } rived from host, and conversely less cytosine need be synthesized than 
Pr0-} thymine. Indeed so little cytosine may be detected in these viruses that 
data}, hypothesis could be advanced on the nature of the parasitic process de- 
hose pending on this fact. Since cytosine is the one pyrimidine contained in 
sults} RNA and DNA, it could be imagined that virus infection stopped cytosine 
synthesis, thereby preventing RNA synthesis and structures associated 
with RNA. However, sufficient cytosine might be made available from 
host DNA to enable a considerable yield of virus DNA low in cytosine. 
Nevertheless this hypothesis is excluded by the demonstration of cytosine 
synthesis in the system, although a variant of the hypothesis may be valid, 


aD 


- has 
only 





acid ;» the synthesis of cytosine is partially inhibited, the supply of this com- 
hs, pound being exclusively relegated to virus synthesis. 

at 
ively SUMMARY 
bey It has been shown that the pyrimidines of Escherichia coli, strain B, are 
d in| 


wed in the synthesis of Tsr+ and Ter bacterial virus. Kinetic studies 
have shown that the pyrimidines of host nucleic acid, presumably DNA, 
'are made available for virus synthesis early in the course of multiplication. 
P0-| The infected cell also synthesizes thymine and cytosine, most of the pyrimi- 
elV€) dines of the virus liberated in natural Ter and Trt infections being derived 
ecial from these newly synthesized bases. In T,rt-infected cells, it has been 
’ 8 | shown that at least the last three-quarters of virus, produced chronologi- 
deed cally within the infected cell, receive none of the host pyrimidines. Evi- 
ome dence has been obtained to suggest that units of bacterial DNA larger than 
rom nucleosides or nucleotides are not involved in the formation of virus DNA. 
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OBSERVATIONS ON THE USE OF THE FLAME 
PHOTOMETER FOR ANALYSES OF BLOOD* 


By F. R. HUNTER 


WITH THE TECHNICAL ASSISTANCE OF GLADYS Dart BERENDA 


From the Department of Physiology, Florida State University, Tallahassee, Florida) 
(Received for publication, March 21, 1951) 


Barnes e¢ al. (1) described a flame photometer and various authors have 
since analyzed the sources of errors in the technique and made various 
suggestions for eliminating them (2-12). These investigators have been 
primarily concerned with the design and operation of the instrument, the 
‘interference of one substance with another, and similar problems. The 
purpose of the present investigation was to determine the most accurate 
‘and most convenient method of preparing blood for flame photometric 
| anidyses of Na and K and to demonstrate what corrections should be 
‘applied to compensate for errors introduced in preparing the blood. 





Materials and Methods 


Two general procedures have been followed by various workers. (1) 
Analyses have been made on whole blood and on the serum and the values 
of Na and K in the cells calculated, or (2) the blood has been centrifuged 
‘immediately and analyses have been made on the cells and on the serum. 
With either procedure, at least three methods are then possible: (a) the 
erythrocytes can be hemolyzed in water, the ghosts centrifuged, and ana- 
lyses run on this hemolysate and on the serum; (b) the cells can be 
hemolyzed as above, but the protein in both hemolysate and serum can be 
precipitated and removed by centrifugation; or (c) the serum Na and K 
and cell K can be determined as in (a), but the blood can be ashed and the 
iron removed and whole blood and cell Na then determined. Method 1, 
awas used by Hunter (13), Methods 1, b and 2, b by Overman and Davis 
(3) with trichloroacetic acid as the precipitating agent, and Method 2, 
¢ by Hald (2). 

Before checking on these various methods, the question of preventing 
‘coagulation of the blood was considered. In several of the preceding in- 
vestigations (3, 13, 14), it was specifically stated that heparin was the 

*This work was supported in part by research grants from the Division of Re- 
search Grants and Fellowships, United States Public Health Service, and the 
Faculty Research Fund, University of Oklahoma. 

The experimental work was performed in the Department of Zoological Sciences, 
University of Oklahoma, Norman, Oklahoma. 
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anticoagulant used. Although it may not be true of all commercial hep. 
arin, the products of several companies are Na salts. Analysis of on 
preparation’ showed that 4 mg. contained 1.74 m.eq. of Na. Although 
this introduces only a small error when 4 mg. of heparin are added to 2% 
ec. of blood, it seemed wiser to defibrinate the blood (cf. Mullins e¢ al. (15 
p. 95). 

By making analyses on whole blood, erythrocytes, and serum, Methods 
1 and 2 were checked by Methods 1, a, b, and c. Defibrinated, sterile 
chicken blood obtained by cardiac puncture was used. In procedure (a) 
1 ec. of blood, on which hematocrits had been taken,? was added to 20 ce. 
of quadruply glass-distilled water containing 105 p.p.m. ‘of Li. The re. 
mainder of the blood sample was centrifuged for 30 to 45 minutes at 267) 
xX g. After this, the hemolyzed blood was centrifuged for 5 to 10 minutes 
at_ 2670 X g to remove the ghosts. 4 cc. of this centrifuged hemolysate 
were added to 20 cc. of water containing 100 p.p.m. of Li. Na and K 
were determined on this sample in the manner to be described later. This 
gave a value for Na and K in whole blood. 

1 ce. of the serum from the centrifuged whole blood was added to 20 ee. 
of water containing 105 p.p.m. of Li. Serum Na and K were determined 
on this. The remainder of the serum and the buffy layer of cells were 
removed by aspiration, hematocrits were run on the packed cells, and 0.5 
cc. of the remaining erythrocytes was added to 10 cc. of water. After 
standing for 30 minutes, this hemolysate was centrifuged as before to 
remove the ghosts. 2 cc. of the supernatant fluid were added to 20 ce. of 
water containing 110 p.p.m. of Li. Cell Na and K were read on this last 
solution. An alternative procedure was to add 0.5 cc. of erythrocytes to 
20 cc. of water containing 102.5 p.p.m. of Li. After standing, this was 
centrifuged and readings were made on the supernatant fluid. 

Procedure (b) follows. 1 cc. of blood was added to 20 ce. of water con- 
taining 125 p.p.m. of Li. After hemolysis, 4 cc. of 20 per cent trichloro- 
acetic acid were added and the precipitate was removed by centrifugation. 
Na and K determinations on this and subsequent solutions were made as 
before. 2 cc. of serum were added to 20 cc. of water containing 125 p.p.m. 
of Li and the protein was precipitated with 3 cc. of trichloroacetic acid. 
0.5 ec. of packed cells was added to 5 ce. of water and then 5 cc. of tri- 
chloroacetic acid were added. Following centrifugation, 5 cc. of this 
supernatant fluid were added to 20 cc. of water containing 125 p.p.m. of 
Li. This had to be diluted (2 cc. + 20 ce. of HXO + 100 p.p.m. of Li) 
to obtain K readings. 

In procedure (c), serum Na and K, whole blood K, and cell K were de- 


1 Manufactured by Hynson, Westcott and Dunning, Inc. 
2 These were spun in an air turbine at 25,000 X g. 
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termined as in (a). For whole blood Na, 1 cc. of whole blood plus 1 ce. 
of 4 N H.SO, was evaporated and charred in a porcelain crucible over a 
seam bath. The crucible was then transferred to a muffle oven and 
heated at 430-450° until a white ash remained. This ash was eluted with 
ten 2 cc. portions of water containing 100 p.p.m. of Li. The ash-water 
mixture was centrifuged 5 to 10 minutes at 2670 X g, and whole blood Na 
was determined on the supernatant fluid. For cell Na, 0.5 ce. of cells was 
hemolyzed in 4 ce. of water. 0.5 cc. of H,SO, (density 1.84) was added. 
This was dried and ashed as above and then eluted with seven 2 cc. por- 
tions of water containing 100 p.p.m. of Li. After centrifugation, Na was 
read. 

A Perkin-Elmer flame photometer, model No. 52-A, with a red-sensitive 
phototube and an acetylene flame was used to measure the amounts of 
Na and K in the solutions described above. The internal standard 
method was followed. In most instances appropriate dilutions were made 
so that K values were read against a 0 to 50 p.pm. K + 100 p.p.m. Li 
standard curve; cell Na, against a 0 to 40 p.p.m. Na + 100 p.p.m. Li stand- 
ard curve; and serum or whole blood Na, against a 0 to 400 p.p.m. Na + 
100 p.p.m. Li standard curve. 


Sources of Error 


Regardless of which of the methods of preparation was used, it was 
extremely difficult to obtain reproducible values for cell Na and serum K. 
This resulted in part from the fact that both of these were small quantities 
and routine errors made accurate determinations difficult. When cells 
and serum were separated by centrifugation as previously described, 85 to 
95 per cent packing was achieved. This means that a small amount of 
serum, which contained a relatively high concentration of Na, was added 
to the hemolysate of the cells and appeared as cell Na when a direct anal- 
ysis was made on the cells. A correction could be applied, based on 
hematocrits run on the packed cells, which reduced the cell Na to an 
almost negligible quantity (cf. Sheppard and Martin (16)). As another 
possible method to eliminate this error, the packed cells were washed with 
KCl or sucrose. The former solution was unsatisfactory, since it resulted 
in progressive hemolysis with each washing. The sucrose was more satis- 
factory in this regard. However, it was impossible to determine when 
one began to wash K from the cells. Consequently it was decided to 
correct the Na in the hemolysate on the basis of the packed cell hemato- 
crit. The values of Na in chicken erythrocytes previously published (13) 
are high because they were not corrected for the presence of small amounts 
of serum. 

The other routine correction which must be applied compensates for 
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the relatively large amounts of K which appeared in the serum as a cop. >. 
sequence of the hemolyses of a small number of cells. Unless one exercigg ‘avolves 
great care, such as using coated glassware and drawing blood under oj 
some of the cells will usually hemolyze during the drawing of the blool 
and the initial centrifugation. The amount of this hemolysis can be de. Influence 
termined spectrophotometrically and the K contributed by that man 
cells can be subtracted from the value obtained on the serum. — 
Calculations—To clarify the details of the corrections and calculations, ; bias 
typical experiment follows. 
per cent pape 
piste) Chl o} Foyoys LLAEI Cc: 0) oy | en a 21.0 85.( 
PACKOU COMBNEMEGOCIIG: . 5. ei Oo ced ote ge bees oh laws 96.9 87. 
LE Cyerves TTS" Cr 1G) 01 ae ae 1 87. 
Flame photometer determination me vs > 
m.eq. m.eq. 91. 
ARE RT RS Pe ee ER ee ee 12.8 111.0 1. 
SEMANAS ARES OPe rn SONS Ses dnt od ed 175.0 3.9 91. 
Correction for cell Na, 0.031 cc. serum X 175.0 = 5.4; (12.8 — 5.4)/0.969 = 7.6 m.eq 92. 
per liter cells 92. 
Cell K, 111.0/0.969 = 114.6 m.eq. per liter cells 93. 
Serum Na (no corrections), 175.0 m.eq. per liter serum =e 
“ K, 114.6 X 0.21 X 0.01 = 0.2; 3.9 — 0.2 = 3.7 m.eq. per liter serum 
If one is interested in trying to relate cation shifts to changes in osmotic 
behavior of erythrocytes, volume changes of the cells must be taken into) © 
account. One way to do this is to calculate all cation values in terms olf Valu 


the volume of erythrocytes as determined by hematocrit measurement on 
the initial sample analyzed. 


Results 


Table I shows (1) a series of values for cell Na before and after correc. 
tion is made for serum Na, based on packed cell hematocrits, and (2 
serum K before and after correction for K added by hemolyzed cells. 

A comparison of the values obtained with the various methods of pre- 
paring the blood is given in Table II. In general, there is so close an 
agreement among the three methods, that, from the standpoint of ac- 
curacy, there is no choice among them. Since procedure (a) is. the 
simplest, it would be recommended were it not for the fact that the serum 
sometimes becomes milky on standing, which tends to clog the aspirator 
of the flame photometer. For this reason, procedure (b) is recommended. 
Spectrographic analyses’ of the trichloroacetic acid precipitates by this 

* The authors are indebted to Mr. R. G. Y. Wycoff of the Department of Physics, 
University of Oklahoma, for these measurements. 
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method show that traces of Na but no K or Li is carried down with the 
* COL} motein. The amounts, however, appear to be negligible. Because it 
‘TClS} involves direct analysis of both cells and serum, Method 2 is to be preferred 
er il 
blood TaBLe | 
ne de Influence of Small Amount of Serum on Cell Na and of Small Amount of Hemolysis on 
Many Serum K in Chicken Blood 
ons. 3 | Cell Na, m.eq. per liter cells Serum K, m.eq. per liter serum 
“I Hematocrit Hemolysis ' 
Uncorrected | Corrected Uncorrected | Corrected 
— |. per cent . . 
85.0 29.5 | 7.8 2.5 9.1 7.8 
87.8 17.3 1.4 3.7 6.0 4.6 
87.9 16.3 | 0 3.7 6.4 5.0 
90.2 15.9 | 0.3 4.0 4.6 3.8 
90.9 23.1 | 9.9 4.0 5.1 4.3 
91.1 13.7 0.4 6.6 6.6 4.3 
91.1 16.8 | 3.5 6.6 6.7 4.4 
91.4 11.4 | 3.6 7.3 | 6.2 3.4 
a 92.0 15.8 3.4 | 7.3 | 6.7 | 3.9 
2.6 | 14.7 0 | 7.8 ) 70 | 41 
9.0 | 18.4 9.1 | 7.3 | 7.4 | 4.6 
. TaBLeE II 
moti¢ 
1 into} Comparison of Results on Chicken Blood by Various Methods of Preparation 
ms off Values in milliequivalents. 
nt on PATE 
| | Per liter serum | Per liter cells | Per —— calculated 
Sample No.| Procedure | _ res eee aS © ee er 
| Na |. K | Na ae a | «x 
ore} Oe ee ee Yo he oe 
1 | (a) | 141.5 4.7 | 9.1 104.6 | 8.8 | 106.7 
al (b) | 141.3 46 | 6&7 121.0 | 9.2 | 117.1 
2 (a) 159.2 2.6 | 0.3 116.4 | 0.4 | 92.7 
f pre. | () 159.2 2.6 | 7.0 116.4 | 15.8 92.7 
oat | 141.8 3.9 | 0 117.0 | 13.4 109.5 
sf ac. (b) 141.8 4.4 | 4.8 117.0 | 34.4 120.4 
(c) 141.8 3.9 | 7.4 117.0 | O 112.7 
s thep ily SSD al Lo 
serum 
irator| over Method 1. With a somewhat different apparatus and more dilute 
nded.} solutions for analysis, Willebrands (17) reported low values when trichloro- 
’ this} acetic acid was used. It may be that with the internal standard method 
iil the difficulties which he encountered are eliminated. 
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SUMMARY 


1. In determining the amount of K in blood serum, a correction shoul ‘ 
be applied, based on the K contributed by hemolyzed erythrocytes. 

2. In determining the amount of Na in erythrocytes, a correction should 
be applied, based on the amount of Na in the serum which is included with 
the cells. (From th 

3. A comparison of three different methods of treating blood and eryth- 
rocytes prior to analyzing them for Na and K showed that similar results 


could be obtained with each method. Lant 
form iI 
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THE EFFECT OF LANTHANUM ON GROWTH AND 
METABOLISM OF STREPTOCOCCUS FAECALIS R* 


By MOSES WURM 
(From the Division of Neoplastic Diseases, Montefiore Hospital, New York, New York) 


(Received for publication, April 5, 1951) 


Lanthanum ions react with desoxyribose and ribose nucleic acids to 
form insoluble complexes (1). Therefore, when absorbed by living tis- 
sues, they may be expected to combine with the nucleic acids of the nu- 
deus and cytoplasm, thereby exerting an influence upon cell multiplication 
and metabolism. Thus, it appeared of interest to study the effect of this 
trivalent ion upon the growth rate of rapidly multiplying bacterial cells. 
Streptococcus faecalis R was selected because it is being used extensively 
for microbiological assays and its nutritional requirements are well known. 
The availability of radioactive La as a tracer facilitated such experi- 
ments. 

Lanthanum has been shown to be bactericidal for a large number of 
organisms (2) and to influence CO, production (3). More recently, Bjork- 
man and Horsfall (4) have reported alterations in the elution behavior of 
the Lee strain of influenza B virus by means of a single treatment with 
stable lanthanum acetate. These alterations persisted on serial passages 
in the absence of lanthanum and were similar to those induced by ultra- 
violet irradiation. 


EXPERIMENTAL 
Materials and Methods 


Stock cultures of S. faecalis R were acquired from the American Type 
Culture Collection and were maintained by monthly passage in peptone 
agar stab cultures. Inocula were harvested from Bacto-peptone broth 
after 24 hours incubation at 37° while experimental cultures were incu- 
bated for 48 hours in a completely synthetic basal medium as described 
by Stokes et al. (5). Growth responses were measured by titrating the 
lactic acid produced with 0.05 n NaOH. In some experiments simul- 
taneous turbidity measurements were made with a Fisher Nefluorophoto- 
meter. In all studies requiring the presence of phosphate, a standard 


* This investigation is part of a program conducted under Contract AT(30-1)-880 
with the United States Atomic Energy Commission and is also supported in part 
by a grant from the National Cancer Institute, National Institutes of Health, United 
States Public Health Service. An abstract has been published (Federation Proc., 
10, 272 (1951)). 
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buffer solution (pH 6.8) containing a mixture of mono- and dibasic potas. 
sium phosphate was used. 

Lanthanum was used in the form of the chloride (LaCl3-7H.O). Fy 
the tracer experiments, preparations containing radioactive lanthanum 
oxide and carrier (La2O; + Laz“°O;)! were dissolved in 0.1 N HCl ani 
suitably diluted and the pH was adjusted with NaOH to 6.8 before use 
All concentrations were expressed as milliequivalent weights per 10 ml 
final volume of cultures. ‘To measure the radioactive lanthanum taken w 
by the bacteria, the cells were separated by centrifugation, washed, and 
dissolved in 5 ml. of concentrated HCl. The volume of the sample was 
then adjusted to 25 ml. and transferred to a Petri dish for counting. The 
sample was placed in a fixed position to insure a uniform geometry and 
duplicate counts were made for 2 to 5 minute periods with a 64 scaling 
unit and a thin, glass wall 6, y-Geiger-Miiller tube. The supernatant 
culture material and wash fluid were combined and adjusted to a standard 
volume and activity counts made upon 25 ml. aliquots. The final data) 
were expressed as the number of counts per minute. 


Experimental Observations 


Since lanthanum ions form a gelatinous precipitate with phosphate ions 
thus precluding turbidimetric measurements of growth, we investigated 
whether the latter were essential for growth or whether they might be 
omitted from the basal medium. In a PO,=-free, completely synthetic, 
basal medium, the bacteria added as a dilute inoculum neither multiplied 
nor produced detectable amounts of lactic acid. Fig. 1 illustrates the 
growth requirements for inorganic phosphate, as well as the quantitative 
response to small increments of this ion. When lanthanum was added in 
concentrations equivalent to or greater than that of phosphate, the me- 
dium was likewise rendered PO,=-deficient and incapable of supporting 
growth. Such cultures showed approximately blank acid titers. It is of 
interest also that neither mono- and dimethyl phosphate,? which do not 
precipitate Lat+* (6), nor arsenate was a satisfactory substitute for in- 
organic PO,=. 

Heavy suspensions of cells, unlike dilute inocula, display a measurable 
metabolism when maintained in a PO,=-free basal medium (Table I, Col- 
umn a). Acid production observed under these conditions progressively 


1 This material was obtained by neutron bombardment of La}39QO; in the nuclear 
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reactor of the Oak Ridge National Laboratory. Each irradiated unit consisted of| 
approximately 90 mg. of La}##0; + La!‘°O; having 40 me. of activity at the time} 
of withdrawal from the reactor. 

2 Supplied in the form of methylphosphoric acid (technical) from the Hastman 
Kodak Company. 
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decreased when the bacteria were incubated with increasing amounts of 
lanthanum. If a titer of 2.85 ml. was produced in a medium containing 
no Lat++ and no PO,=, a similar titer would be expected when these ions 
were present in equivalent concentrations. The data reported in Table]. 
however, show significantly lower titers in such cultures (compare squares 
ag with bh, cj, dk, em, and fn), indicating that lanthanum is not completely 
precipitated, owing to the small but measurable solubility of LaPO,. 
Also, when comparisons are made among the cultures in Row 1, it appears 
that with 0.05 m.eq. of La*+** the inhibition is progressively decreased 
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Fig. 2. Acid production in response to ee excesses of PO; in the presence of 
varying concentrations of LaPO,. Curve A, 0.002 m.eq. of PO, excess; Curve 
B, 0.004 m.eq. of POS excess; Curve C, 0.006 m.eq. of POPS excess; Curve D, 
0.008 m.eq. of POF excess. 
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with increasing concentrations of PO,=, because more of the cation is re 
moved from the system by precipitation. 

The greater inhibitory effect of Lat*++ compared to the growth-pro- 
moting action of PO,= was demonstrated in another experiment in which 
basal media containing graded amounts of LaPO, and uniform excesses of 
PO,= were inoculated with dilute cell suspensions. Whereas the family of 
curves in Fig. 2 confirms the typical growth dependence on available PO,", 
it was found that uniform excesses of free anion did not support equal 
growth, as illustrated by the declining slope of isobars. This inability of 
PO,= to induce commensurate titers appears most pronounced at the 
higher concentrations of LaPO,, at which growth in the presence of 0.006 
m.eq. of excess PO,= was found to differ little from that obtained at the 
equivalence point. 
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The observed inhibitions of growth and metabolism are also attributed 
to lanthanum because a direct interaction between La***+ and the bacterial 
cell was demonstrated by using tracer quantities of radioactive La salts. 
from preliminary experiments it was found that, when heavy inocula were 
incubated for 24 hours in a PO,=-free medium containing 0.0283 m.eq. of 
lat++ with La™° as tracer, the cells, after three washings, retained a sig- 
nificant amount of lanthanum, viz. 6.8 X 10-* m.eq. Duplicate cultures 
subjected to prolonged incubation or to additional cell washings showed 
similar amounts of lanthanum uptake. 

An attempt to correlate the uptake of La*+++ with cell numbers is illus- 


TaBLe II 


Lanthanum Binding by Growing Cultures of S. faecalis 
10 ml. of basal medium contained 0.0025 m.eq. of La™ and La'° with activity 
of 3 ue.; standard (S), 4780 ¢.p.m. 






































Growth response | : Per cent | Per cent | Per cent | 
iae| Jpg oan tS) BS | GEE |" BPP | FLOPS) Le bound 
Titer | bidity | (sy | W+P) | WFP) 
| | 
7 ml, per cent | c.p.m. C.p.m. | | m.eq. 
0 | 0.25 | 7.0] 1623 | 3035 97.6 | 65.2 
10 | 1.42 | 22.0! 666 4183 101.5 | 86.2 25.8 | 6.5 xX 10-4 
2 | 2.338 | 36.0| 348 4288 97.0 | 92.4 27.1 | 6.8 
30 | 3.15 | 48.0! 297 | 4456 | 99.5 | 94.0 29.3 | 7.3 
40 | 3.92 | 61.5) 153 | 4527 | 97.9 | 96.8 31.9 | 8.0 
50 | 4.69 | 76.0; 303 | 4471 | 99.9 | 93.7 30.1 | 7.5 
60 | 5.29 | 85.0; 138 | 4568 | 98.8 | 97.0 32.6 | 8.1 
70 | 5.75 | 94.5) 624 | 4280 | 102.5 | 87.3 | 25.4 | 6.4 
80 | 6.29 | 100.0, 372 , 4277 | 97.3 | 92.0 | 26.7 | 6.7 








trated in Table II. In this experiment, growth was controlled by varying 
the amount of pL-isoleucine in a medium containing equal concentrations 
of PO,= in sufficient excess over uniformly small amounts of La®® + La? 
to insure satisfactory growth. These cultures exhibited typical logarith- 
mic growth in terms of acid production and turbidity. Although the 
number of cells varied consistently, the quantity of lanthanum bound 
in each tube was fairly uniform. Similar results were obtained in parallel 
experiments in which the PO,= concentration was the limiting factor for 
growth. These results indicate that, whereas Lat++ was added to the 
media in concentrations between 0.0025 and 0.020 m.eq., the cells had 
actually available considerably lower quantities probably related to the 
solubility of the LaPO, precipitate. Approximations of the solubility 
product based upon La*++ recovered from the supernatant basal medium 
containing an excess of PO,+*+* and in which no growth occurred were in 
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the range of 1.7 to 2.4 X 10-%. When calculated on the basis of th 
amount of cation bound by the cells, the solubility product was betwee 
1.4 and 1.8 X 10°. 

Lanthanum binding was further investigated in a PO,=-free medium iy 
which larger concentrations of Lat+*+ could be made available to the cell 
From Fig. 3 it can be seen that, when uniform aliquots of a heavy bacterial 
suspension were incubated with La**+ for 24 hours, the amount taken wp 
by the cells was directly proportional to the concentration offered. This 


36 
32 
28 
24 


20 
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Fic. 3. Lanthanum binding by uniform aliquots of cell suspension in relation 
to varied amounts of lanthanum offered. O, 0.5 ml. aliquots of cell suspension, 
which assayed 0.52 X 107-§ m.eq. of PO; per ml., suspended in PO?-free basal me- 
dium. Calculated regression, Y = (3.0 X 10-4) + (2.2 X 10°5)X. @, 0.5 ml. ali- 
quots of cell suspension, which assayed 2.7 X 107? m.eq. of POF per ml., suspended 
in isotonic saline. Calculated regression, Y = (0.57 X 10-4) + (2.1 * 1078)X. 


relationship also held when isotonic saline was used as a suspending me- 
dium, indicating that La**+ binding was not dependent upon metabolic 
activity. It is also of interest that large differences in incubation tem- 
perature (4-37°) did not influence the amount of cation bound. Also, 
when uniform concentrations of La*+*++ were added to increasing aliquots 
of concentrated cell suspension, proportionality was observed between the 
amount of Lat++ bound and cell numbers. Preliminary attempts to satu- 
rate the bacteria and thus possibly determine an “end-point”’ of the re- 
action between cells and La**+ have yielded inconclusive results. 


DISCUSSION 


The affinity of La*+++ for PO,= has necessitated a study of the phosphate 
requirements for growth and metabolism by S. faecalis. MacLeod and 
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Snell (7) reported that a phosphate deficiency inhibits the growth of a 
jumber of lactic acid bacteria but that S. faecalis is capable of some 
srowth under these conditions. Since these bacteria were tested in a basal 
medium containing a pancreatic fibrin digest, the possibility exists that 
sme PO,.= was present as a contaminant. Our observations indicate that 
no growth occurs in a PO,=-free, synthetic medium and that the organism 
responds quantitatively to small amounts of this anion. 

Different bacteria have been shown to utilize phosphates according to 
the availability of the ion (8), the growth phase of the culture (9), and the 
presence of suitable metabolic substrates (10, 11). In the case of Eschert- 
chia coli, it appears that, once phosphorus is assimilated from the medium, 
it is retained within the cell, even in aging cultures in which considerable 
cell death could be expected (12). 

It has been reported that heavy suspensions of S. faecalis, subjected to 
only a single washing, lose large amounts of inorganic and organic phos- 
phates when suspended in saline (13). Under these experimental con- 
ditions the bacteria were still able to convert glucose to lactic acid without 
an exogenous supply of the anion. This metabolic activity was not associ- 
ated with cell multiplication, since no nitrogenous material was provided. 
Qur observations confirm these findings. The question can be raised 
whether heavy cell suspensions do not furnish sufficient quantities of ex- 
traneous phosphate. This apparently is not the case. The addition of 
lanthanum to the medium insured against any contaminating PO,= that 
may have escaped adequate washing or derived from non-viable cells, 
because the lanthanum concentrations used were greater than the total 
POy= content of the inocula. It may be assumed, therefore, that the 
phosphates present within the cell are sufficient for active metabolism by 
resting bacteria (10). 

Lanthanum interferes with the acid production in resting cells and it is 
noteworthy that this inhibition increases with greater concentrations of 
the cation. If the metal were to combine freely with the intracellular 
phosphates, then the lowest concentration employed would have been 
sufficient to inhibit completely acid production. It would appear, how- 
ever, that Lat+++ permeates the cells as a function of its concentration and 
that complete metabolic inhibition can be achieved only in the presence of 
relatively large La concentrations. Whether lanthanum, once it enters 
the microorganism, inhibits its metabolism by combining with the phos- 
phate moiety of the nucleic acids, the labile phosphates, or other intra- 
cellular constituents which may participate in the resting metabolism 
cannot be decided at present. 

The reaction of bacteria and lanthanum resembles that with various 
other cations. It has been reported that the uptake of cobalt, nickel, and 
manganese generally depends upon the concentration of the metal in the 
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basal medium (14). The ability of microorganisms to retain these ions 
however, was found to differ considerably. It has been assumed that 
some metals are bound at limited sites, whereas others are capable oi », @ 
being bound at numerous sites and in complexes of varying stability.| LISE 
Lanthanum apparently is quite firmly bound and interferes with metabo-| 
lism as well as with cell multiplication. Whether its bacteriostatic action] prom: 
is due to its effect on cell metabolism or to combination with the nucleo- 
proteins of the bacterial cell remains to be investigated. 





SUMMARY | 


In 3 
1. Streptococcus faecalis R requires phosphates in the basal medium for} phom« 
growth but not its resting metabolism. phosp! 


2. Lanthanum inhibits growth by forming insoluble LaPO, which results jnorga 
in a phosphate deficiency in the basal medium. The resting metabolism, with 
measured in a POQ,=-free medium, is also inhibited by lanthanum owing to (pyrin 
a direct action upon the cell. that 4 

3. Lanthanum is taken up by cells in amounts proportional to the con- tide ¢ 
centration of the cation and the number of cells in the suspending medium. geyers 

4. The possible mechanism of inhibition of cell growth and metabo- of rib 
lism is discussed. dine x 

It i 

The author is indebted to Dr. Daniel Laszlo and Dr. Kurt G. Stern for tide 
guidance and suggestions throughout the course of this investigation, to This | 
Mr. Daniel M. Ekstein for advice in connection with the radioactivity 
measurements, and to Mr. Harvey N. Seiger for technical assistance. 
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In an earlier investigation from this laboratory (1), prostatic phos- 
um for phomonoesterase was used for the partition of the phosphomonoester and 
phosphodiester groups in ribonuclease digests. It was shown that the 
results inorganic phosphate formed during incubation of ribonuclease digests 
olism, ith phosphatase originated practically exclusively from the acid-stable 
ving to (pyrimidine) nucleotide groups of ribonucleic acids. It was concluded 
that the action of ribonuclease involved specifically pyrimidine nucleo- 
ie cOl- tide groups of yeast ribonucleic acids. Independent observations from 
edium. several other laboratories likewise suggest the assumption that the action 
etabo- of ribonuclease involves specifically, or at least preferentially, the pyrimi- 
dine nucleotide groups of yeast ribonucleic acid (2-4). 

It is still unknown, however, how many of the total pyrimidine nucleo- 
ern for tide groups of yeast ribonucleic acid are hydrolyzable by ribonuclease. 
ion, t0 This question is the problem of the present investigation. 
hile 
. i: Methods 

Substrates—Sodium nucleate (Schwarz Laboratories, Inc.) was dialyzed 

for 24 hours in thin collodion bags against a 1 per cent solution of sodium 
chloride in the refrigerator, precipitated with n hydrochloric acid, and 
stored in the form of its sodium salt. The phosphorus content of the 
samples varied between 8 and 8.5 per cent. Guanylic acid and the py- 

Chem., tmidine compounds were prepared according to established procedures 
(5-7); recrystallized commercial samples of yeast adenylic acid were used 
in the experiments. Diphenylphosphoric acid was prepared according to 
Brig and Miiller (8) and isolated as the crystalline barium salt. 

(1950). Enzymes—Ribonuclease was isolated from pancreas according to Kunitz 
(9). In many later experiments crystallized ribonuclease from the Ar- 
nour Laboratories was used. 


(1950). Prostate phosphatase (10) was extracted from homogenized hypertro- 


*This study was aided by grants from the American Cancer Society, the Rocke- 
feller Foundation, the Godfrey H. Hyams Trust Fund, the Bingham Associates 
Fund, and the Charlton Fund. 
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phic glands with 5 volumes of water to which a few cc. of toluene wer 
added. After standing overnight in the refrigerator, the suspension was 
centrifuged and stored. The crude extracts maintained their original ac. 
tivity for 2 to 3 months. For experiments, suitable amounts were dia. 
lyzed in thin collodion bags in the refrigerator for 16 to 30 hours. A | 
per cent solution of acetic acid was added dropwise to the dialyzed solu- 
tion until a flocculent precipitate appeared. This occurred in a range 
between pH 5.7 and 6. An excess of acetic acid was avoided, as it caused 
large losses of the enzyme. The supernatant, which contained the full 
original activity, kept its activity for several weeks in the refrigerator, 
When the activity was too weak, the solution was concentrated by pre- 
cipitating it with ammonium sulfate at 0.8 saturation and redissolving 
the precipitate in a small volume of water.! 


Analytical Methods 


Inorganic Phosphate—In solutions containing nucleic acid and _poly- 
nucleotides, the bulk of these substances and the proteins were precipi- 
tated by the addition of 5 volumes of a 1.5 per cent solution of uranium 





chloride in 10 per cent trichloroacetic acid (MacFadyen’s reagent (11)),| 
This technique permitted the direct colorimetric determination of the| 
phosphate in the supernatant according to the method of Fiske and 
Subbarow (12). A slight turbidity which appeared on addition of the 
molybdate was removed by centrifugation. The determination of the 
acid-labile and acid-resistant phosphorus groups of the nucleotides was 
carried out according to a procedure described in an earlier paper (1). 
Separation of Nucleosides and Polynucleotides—Two methods were used: 
(a) The bulk of the high molecular polynucleotides was removed by drop-| 
wise addition of 5 n hydrochloric acid to the digests and subsequent cen- 
trifugation. The phosphorus compounds of the supernatant were re- 
moved by stirring an aliquot of the solutions with the anion exchanger 
Ion X, 250 to 500 mesh (Microchemical Specialties Company). During 
the adsorption, the pH was kept below 7 by dropwise addition of glacial 
acetic acid. The combined filtrates and washings, which contained 96 to 
100 per cent of the nucleosides according to recovery experiments with 
added pure nucleosides, were analyzed spectrophotometrically or by peri- 
odate oxidation. The complete removal of the phosphorus compounds 
required approximately 8 gm. of ion exchanger per 100 mg. of nucleate. 


1 All phosphatase preparations used in this investigation contained small 
amounts of ribonuclease which could be demonstrated after inactivation of the 
phosphatase activity by heat or by 0.01 n sodium fluoride. This did not essentially 
interfere with their use on ribonuclease digests, but it precluded conclusions of 
other than approximate nature regarding the action of phosphatase on ribonucleic 
acid itself. 
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es The commercial samples of Ion X were activated in the laboratory by 
al ge.| teatment with N sodium hydroxide. (b) The application of the anion 
> dig.| exchanger is not feasible in alkaline hydrolysates of the enzymatic digests 
A j| of ribonucleic acid. Owing to the absence of pyrimidine nucleotides from 
soly.| the phosphatase digests, a practically quantitative separation of the nucle- 
range isides from the nucleotides of the digest could be achieved by precipitation 
used} With an excess of uranium acetate in the presence of phosphate at a range 
e full between pH 6 and 6.5. In each experiment, the effectiveness of the pre- 
rator| “ipitation was tested by determinations of the organic phosphorus in the 
y pre. sipernatant. The following technique was finally adopted. An aliquot 
olving of the digest containing up to 15 mg. of total phosphorus was precipitated 
‘| by the addition of 0.2 volume of 5 N hydrochloric acid. (If a subsequent 
precipitation with a silver salt was intended, the hydrochloric acid was 
replaced by sulfuric acid.) To a large aliquot of the supernatant, 1 cc. of 
poly- 40.5 M solution of monosodium phosphate and 20 cc. of a 1.5 per cent solu- 
recipi- tion of uranyl acetate were added. ‘The solution was brought to between 
anium) PH 6 and 6.5 by adding an exactly measured volume of a 25 per cent solu- 
(11), tion of sodium hydroxide. After standing for 30 minutes at room tem- 
f the| perature, the precipitate was centrifuged and the supernatant was used 
» and for the determination of the nucleosides. 
of the, Determination of Ribonucleosides by Means of Sodium Periodate—Since 
of the| the hydrolysis conditions used in this investigation did not affect the 
5 wast linkages between the bases and the ribose groups, the amount of total 
(1). ribonucleosides in the uranyl acetate supernatant could be determined by 
used:| Oxidizing their 2,3-glycol groups with sodium periodate. This technique 
drop- has the advantage of giving the same value for equimolecular amounts 
+ cen-| of the nucleosides, regardless of the nitrogen content of the bases. It was 
re re-| ound that the periodate oxidation of the 2,3-glycol group of ribose com- 
1anger| Pounds proceeded very rapidly at room temperature either in alkaline or 
Juring| N weakly acid pH ranges (pH 5.5). Since uranyl acetate, even in very 
elacial small concentrations, interfered by precipitating periodate, it was com- 
96 to| Pletely removed from the supernatants by the addition of an excess of 
; with] organic phosphate, except when the periodate reaction was carried out 
7 peri- in the presence of sodium bicarbonate. 
‘ounds}) A sample containing approximately 5 mg. of nucleosides and ranging 
cleate,| between volumes of 5 and 20 cc. was pipetted into a 250 cc. Erlenmeyer 
flask. If necessary, 0.2 volume of a 0.2 m buffer solution or 1 gm. of solid 
“— bicarbonate was added to the sample. The sample was mixed with 5 or 
sntially| 0 ee. of a 0.02 m sodium periodate solution (standardized against 0.01 
ions off N Sodium arsenite) and left at room temperature for exactly 5 minutes, a 
nuelei¢| stop-watch being used for the timing. After the addition of 1 gm. of 
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sodium bicarbonate and 2 cc. of a 10 per cent solution of potassium iodide, 
the iodine was immediately titrated with 0.01 N sodium arsenite. With 
this technique of timing, the losses of iodine due to secondary reactions 
were negligible. In more recent experiments this possibility was elim- 
inated by adding a measured excess of a 0.01 N arsenite solution before 
the addition of potassium iodide and by titrating the excess of arsenite 
with a 0.01 N solution of iodine. 


EXPERIMENTAL 


Conditions of Enzymatic Hydrolysis of Yeast Ribonucleic Acid—Fig. | 
shows the approximate?’ courses of time-activity curves of the action of 
ribonuclease on ribonucleic acid (RNA). Curves A, B, and C were ob- 
tained with different amounts of the enzyme. The degree of hydrolysis 
at each time interval was calculated from the amounts of inorganic phos- 
phate forméd by the subsequent exhaustive incubation with prostate 
phosphatase. It can be seen that the three curves obtained with different 
amounts of ribonuclease converge toward a degree of hydrolysis of 46 
per cent. 

Correspondingly, Fig. 2 (Curves B and B,) shows time-activity curves 
of the action of different amounts of prostate phosphatase on digests ob- 
tained by an exhaustive incubation of sodium ribonucleate with ribonv- 
clease. It can be seen that both curves converge toward a final degree of 
46 per cent hydrolysis. 

Time-activity curves of the action of different amounts of phosphatase 
on sodium ribonucleate itself are shown in Fig. 2, Curves A and A;. The 


curves did not converge. The initial rates decreased strongly after re-| 


spective degrees of 3 and 5 per cent! hydrolysis, but the activity continued 
at very slow rates for days. 

Action of Prostate Phosphatase against Phosphoric Esters of Known Stru- 
ture—It was found in experiments not reported in detail that the mono- 
nucleotides obtained from yeast RNA were hydrolyzed by prostate phos- 
phatase at very similar rates and that the hydrolysis was complete within 
2 hours when the incubation was carried out with 4 units® of phosphatase 


2 The action of ribonuclease was slowly continuing during the incubation with 
phosphatase, despite the strong inhibitory effect caused by the dilution prior to 
the addition of phosphatase. The actual rates of ribonuclease action were, there- 
fore, slower than those indicated by the time curves. This did not interfere with 
the purpose of the experiments for which only the final stages of the hydrolysis 
were of interest. 

31 unit of prostate phosphatase is the amount which forms 0.1 mg. of inorgani¢ 
P from 50 mg. of yeast adenylic acid within 15 minutes at 37°. Total volume 12 ce., 
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yt mg. of nucleotide phosphorus (pH 5.5; 37°; 0.05 n sodium acetate 
buffer; 0.08 mg. of nucleotide phosphorus per cc.). The phosphoric di- 
eters diphenylphosphoric acid, glycerylphosphorylcholine, glycerylphos- 
phorylethanolamine, and the monophosphatides were completely resist- 
ait to prostatic phosphatase. 


Diagram 1. Degradation of RNA 


Analysis of RNA: total P 15 mg. (100%), inorganic P 0, 60 min. P 8.1 mg. 
(53.5%), uranium soluble 0, purine N 17 mg. 
Acid phosphatase 





Digest IV: RNA 
Inorganic P 1.2 mg. (8%) { -eibonuctease) 
Digest I 


[-@eia phosphatase) 


Digest II. Inorganic P 6.4 mg. (42%), 60 min. P 
| 8.3 mg. (55%) 
ie NaOH, 37°, 24 hrs.) 


Acid phosphatase +. st 111, Incnale POA me, OD 


Digest V 





Inorganic P 14.7 mg. (98%) | _cpibeetpientinn with uranium acetate) 


Supernatant. Total P 0.48 mg. (2.9%), inorganic 
PO 


es n sulfuric acid, 100°, 2 hrs.) 


Hydrolysate. Purine N 0.4 mg. (2.4%) 
Incubation with ribonuclease, 200 mg. RNA, 20 mg. ribonuclease, volume 2 cc., 
24 hrs., 37° 
Incubation with phosphatase, 200 mg. RNA, 20 cc. 0.05 m sodium acetate buffer 
(pH 5.3), 2 cc. phosphatase (600 units), 4 hrs., 37° 


Specific Action of Ribonuclease on Pyrimidine Nucleotide Groups of Yeast 
RNA—Diagram 1 contains the results of a representative experiment on 
the hydrolytic degradation of yeast ribonucleic acid. After treatment of 
the ribonuclease digest (I) with phosphatase (Digest II), 6.4 mg. of in- 
organic P were formed. The organic P fraction of Digest II contained 
83 mg. of acid-hydrolyzable P (as compared with 8.1 mg. of acid-hydroly- 
able P of the original ribonucleic acid). Thus the total amount of the 
acid-hydrolyzable P was retained in organic linkage during the incuba- 
tion with ribonuclease and phosphatase and the inorganic P formed orig- 
inated exclusively from the acid-resistant fraction which was dephospho- 
tylated to an extent of 93 per cent. 

An explanation of the above results was suggested by the observation 
that prostatic phosphatase acted as a phosphomonoesterase in the experi- 
ments with mononucleotides and with phosphodiesters. If it is assumed 
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that the phosphodiester groups in polynucleotides are resistant to phos. 
phatase action, it follows from Diagram 1 that the phosphomonoester 
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Fig. 1..Approximate time curves of ribonuclease action. Portions of 500 mg. 
of sodium ribonucleate (total P 37.0 mg.) incubated with 50 mg. (Curve A), 10 mg. 
(Curve B), and 2 mg. (Curve C) of crystallized ribonuclease respectively. Volume 
5 ec.; pH 5.5; no buffer was added. At various time intervals aliquots of 1 cc. of 
the incubation mixtures were mixed with 10 cc. of 0.05 N acetate buffer of pH 5. 
and 1 cc. of prostate phosphatase (40 units; see foot-note 3) and incubated for 3 
hours. The amounts-of inorganic P formed based on the original hydrolysis mix- 
ture are plotted as ordinates. In the experiment for Curve A, 300 mg. of yeast 
sodium ribonucleate were added to a 1 cc. aliquot of the incubation mixture at a 
time (arrow) when the ribonuclease action on the original substrate had approached 
its maximum. The hydrolysis curve after the addition of fresh substrate is repre- 
sented by Curve Aj. 

Fig. 2. Action of prostate phosphatase on sodium ribonucleate (500 mg.) before 
(Curves A and A,) and after (Curves B and B,) exhaustive digestion with ribonv- 
clease (21 hours). (600 mg. of RNA; total P 43 mg.; 60 mg. of ribonuclease; total 
volume 6 cc.) Total volume during incubation with phosphatase in both experi- 
ments 66 cc.; 0.05 N acetate buffer, pH 5.5. Curves A and B, 4 units of phosphatase 
per mg. of nucleotide P; Curves A; and By, 40 units of phosphatase per mg. of nu- 
cleotide P. (Inorganic P based on original hydrolysis mixtures.) In the experi- 
ment for Curve B, 4 cc. of a neutralized 1.25 per cent solution of yeast adenylic acid 
were added to an aliquot of 40 cc. of the digest at a time when the action of phos- 
phatase on the original substrate solution had approached its maximum (arrow). 


were exclusively attached to pyrimidine nucleoside residues, and that ex- 
haustive treatment with ribonuclease led to the transformation of at least 
93 per cent of the phosphoryl groups attached to pyrimidine nucleoside 
residues into phosphomonoester groups. Since no measurable part of 
the purine nucleotide groups was affected by ribonuclease, the. results 
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siggest that two types of split-products were formed during the exhaus- 
tive action of this enzyme: (a) pyrimidine mononucleotides, and (b) purine 
polynucleotides (13) containing pyrimidine residues whose phosphate is 
predominantly attached in the form of monoester groups. These poly- 
jucleotides will be designated as limit polynucleotides in analogy to the 
jomenclature used for the hydrolysis of polysaccharides. 

Determination of Purine Nucleosides after Hydrolysis with Ribonuclease, 
Phosphatase, and Alkali and Fractionation with Uranium Acetate (Digest 
II)—It was desirable to have an independent identification of the acid- 
labile phosphorus groups with the purine nucleotide residues. If the in- 
organic phosphate formed during the incubation with ribonuclease and 
phosphatase originated exclusively from pyrimidine nucleotide residues, 
the nucleoside fraction of the digest should not contain more than negli- 
gible amounts of purine ribosides. Digest II was incubated overnight 
with sodium hydroxide (Digest III). The hydrolysis was quantitative, 
since subsequent incubation of an aliquot of Digest III with phosphatase 
at pH 5.3 (Digest V) resulted in the transformation of all phosphorus 
groups into inorganic phosphate. The nucleotides formed were separated 
from the nucleosides by precipitation with uranyl acetate as described 
under ‘‘Analytical methods.” An aliquot of the supernatant was hydro- 
lyzed by refluxing with 0.5 N sulfuric acid for 2 hours, and the purines 
were quantitatively precipitated from the hydrolysate with silver sulfate. 
The amount of purines found was 2.4 per cent of the total purines in the 
original ribonucleic acid. Since an amount of organic phosphorus corre- 
sponding to 2.9 per cent of the total nucleic acid phosphorus remained in 
the uranium acetate supernatant, the small quantities of purines found 
may be accounted for by the purine nucleotide groups which were not 
precipitated by the uranium reagent. A similar amount of purines was 
found in the nucleoside fraction of digests obtained by the incubation of 
yeast RNA with phosphatase and by subsequent hydrolysis with alkali 
without preliminary incubation with ribonuclease. 

Amount of Mononucleotides Formed by Action of Ribonuclease on Yeast 
Ribonucleic Acid—The partition of the phosphoric monoester groups be- 
tween free mononucleotides and terminal groups of limit polynucleotides 
after the combined action of ribonuclease and phosphatase was deter- 
mined by measuring the periodate uptake of the resulting nucleoside frac- 
tion. Table I contains the results of such experiments as well as of similar 
tests on mononucleotides, on an alkaline hydrolysate of yeast RNA, and 
on polynucleotide and nucleotide fractions prepared after ribonuclease 
action only. 

The mononucleotides of yeast nucleic acid (prepared by the procedures 
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mentioned), as well as dialyzed yeast ribonucleate and the products of 
its hydrolysis by ribonuclease, did not consume more than negligible 
amounts of periodate. The results of periodate determinations of the 


TABLE I 


Action of Sodium Periodate on Nucleotides and on Alkaline and Ribonuclease Digests 
of Yeast RNA after Incubation with Phosphatase* 



























































7 e : 0.005 N Rati ‘ 
~— Substrate leumagde wer sil Pics: yl nacleoates 
. of total P nie iaaepuase P| inorganic P 
ce. a 

1 Adenylic acid 98 tie 1 

2 Guanylic “ 97 7.5 1 

3 Cytidylie “ 98 7.3 1 

4 Uridylic “ 100 7.0 | 1 

Alkaline hydrolysate of yeast RNA 
5 Total digest | 96 7.2 | 1 
6 Nucleoside fraction (Method 6) | T.8T 1 
Ribonuclease digest of yeast RNA 

7 | Total digest 42 | 6.8 0.96 

8 Nucleoside fraction (Method a) 4.2 0.61 

9 " a en | 4.2t 0.61 

Acid-insoluble polynucleotide fraction (Fraction A)f 

10 | Total digest 16.3 m~m | F 

11 Nucleoside fraction (Method a) 1.2 0.1 

12 “ “ ( “ b) | | 1.3f 

Acid-soluble nucleotide fraction (Fraction B) 
13 Total digest 78.5 | 7.0 | 1 
14 | Nucleoside fraction (Method b) 6.0t | 0.86 








* Conditions of incubation with ribonuclease, phosphatase, and alkali, respet 
tively, as indicated in Diagram 1. 
+ Ratio of periodate to inorganic P calculated from inorganic P present befor 
treatment with uranium. 
t See foot-note 4. 


nucleoside fractions of the four mononucleotides after complete enzymati 
dephosphorylation, Table I, Fractions 1 to 4, show a periodate uptal 
between 7.0 and 7.5 cc. of 0.005 Nn periodate per mg. of inorganic P formet 
(The theoretical value for an equimolecular ratio would have been 6: 
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we.) In the case of guanylic acid, a very small but measurable reduction 
vith Somogyi’s reagent was found after phosphatase hydrolysis, indicating 
the presence of a small amount of nucleoside phosphorylase in this en- 
me preparation and accounting for the higher periodate titration. 

The results of a similar control experiment carried out on an alkaline 
bydrolysate of yeast nucleic acid and on the nucleoside fraction prepared 
fom it are shown in Fractions 5 and 6. The periodate consumption of 
the hydrolysate amounted to 7.2 cc. per mg. of inorganic phosphorus 
frmed. It may be noted that the periodate consumption of the uranium 
sipernatant (the nucleoside fraction) was practically identical with that 
of the total digest. This shows that no losses of nucleosides occurred 
during the separation of the inorganic phosphate and the nucleoside frac- 
tion. 

The periodate uptake in a representative experiment with a digest ob- 


{tained by incubation of ribonucleic acid with ribonuclease and phospha- 


tase and the resulting nucleoside fraction is shown in Fractions 7 to9. In 
the nucleoside fraction (Nos. 8 and 9), the periodate consumption per mg. 


-tof inorganic phosphorus was 4.2 cc. or 61 per cent of the value found for 


the total digest shown for Fraction 7. 

Behavior of Limit Polynucleotides against Sodium Periodate Before and 
iter Dephosphorylation by Prostate Phosphatase—It has been mentioned 
that the limit polynucleotides did not consume significant amounts of 


_|periodate. It was found, however, that their enzymatic terminal dephos- 


phorylation led to the formation of polynucleotides which consumed perio- 


‘date in amounts which were approximately equimolecular with the 


amounts of their dephosphorylated end-groups (cc. of 0.005 N periodate 
per mg. of inorganic phosphate = 6.8, Fraction 7). Further evidence for 


|the presence of periodate-consuming groups in partially dephosphorylated 


polynucleotides was obtained by analyses of the separated mono- and 
polynucleotide fractions, (Table I, Fractions 10 to 14). According to a 
previous report (13), a crude separation of the limit polynucleotides and 
of the mononucleotides could be achieved with barium acetate. The 
barium salts of the limit polynucleotides are much less soluble in water 
than those of the pyrimidine nucleotides, and the free limit polynucleotides 
are precipitated by hydrochloric acid from concentrated (5 to 10 per 
tent) solutions. Accordingly, the two fractions were prepared by adding 
to the ribonuclease digest of 1 gm. of ribonucleate 0.3 volume of a 25 
per cent solution of barium acetate. The copious precipitate (Fraction 
A) containing approximately 50 per cent of the total phosphorus was 
tentrifuged and washed once with a 10 per cent solution of barium ace- 
tate. The supernatant was combined with the washing and represented 
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the mononucleotide fraction (Fraction B) contaminated with unprecipi- 
tated polynucleotides. Fraction A was washed with alcohol and finally 
dried with alcohol and ether. The barium salt was decomposed by sus. 
pending it in 2 to 3 cc. of water and by adding dropwise under stirring 
approximately 0.2 volume of 5 N hydrochloric acid. During the addi- 
tion of the acid, the free polynucleotides settled out in the form of a gummy 
precipitate which was centrifuged and washed twice by stirring it thor. 
oughly with 2 to 3 cc. of 0.5 n hydrochloric acid. A considerable amount 
of polynucleotide was lost in the washings. The final precipitate, which 
was practically free of barium, was suspended in 5 cc. of water and dis. 
solved by neutralizing it cautiously with sodium hydroxide. This solu- 
tion was used for the enzymatic dephosphorylation. The mononucleotide 
fraction was freed from barium by sulfuric acid and neutralized with 
sodium hydroxide. The conditions of the enzymatic dephosphorylation 
were those described in Diagram 1. 

It can be seen (Table I, Fraction 10) that the dephosphorylation of 
Fraction A resulted in the liberation of 16.3 per cent of its total P as inor. 
ganic phosphate. The total digest required 7.0 cc. of 0.005 N_ periodate 
per mg. of inorganic P liberated. Of the total consumption only 17 to 
19 per cent was accounted for by the nucleoside fraction (Fractions 1! 
and 12).4 

The mononucleotide fraction (Fraction B) (Fractions 13 and 14) be 
haved very differently. It was dephosphorylated to an extent of 78.) 
per cent, the periodate consumption was equimolecular to the formation 
of inorganic phosphate, and 86 per cent of the total periodate consump: 
tion took place in the nucleoside fraction. 


DISCUSSION 


Action of Prostate Phosphatase—The application of prostate phospha- 
tase for the specific hydrolysis of phosphomonoester groups in ribont- 
clease digests was suggested by the observation that all mononucleotides 
of yeast ribonucleic acids were rapidly and completely hydrolyzed by 
this enzyme, whereas ‘‘model” diesters of phosphoric acid such as dipheny! 
phosphate, glycerylphosphorylcholine, and _ glycerylphosphorylethanola- 


4The nucleosides originated from a contamination of the polynucleotide frae- 
tion with barium salts of pyrimidine nucleotides. This contamination can be 


largely avoided by direct precipitation of the polynucleotide fraction from the 
ribonuclease digests with 0.5 nN hydrochloric acid. Exhaustive digestion of such 
preparations with phosphatase resulted in the liberation of 17 per cent of the total 
phosphorus as inorganic phosphate. The formation of nucleosides accounted 


maximally for 5 per cent of the inorganic phosphate present after the incubation. 
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mine were completely resistant to prostate phosphatase. The transfor- 
nation by phosphatase of at least 93 per cent of the acid-resistant phos- 
phoryl groups of ribonuclease digests into inorganic phosphate, despite 
the practically complete preservation of the acid-hydrolyzable phosphoryl 
groups associated with purine nucleotides, suggests that the action of 
ribonuclease consists in the specific hydrolysis of interlinking phosphoryl 
groups between pyrimidine nucleotides to phosphomonoester groups. 

This interpretation is supported by the independent isolation of pyrimi- 
dine mononucleotides after ribonuclease action (4). In our experiments, 
this fraction accounts for 61.5 (+5) per cent of the total pyrimidine 
groups. It is likewise very probable‘ that the pyrimidine residues which 
rmained attached to the limit polynucleotides also contain phosphate 
in monoester linkage because the associated acid-resistant groups were 
likewise hydrolyzed by phosphatase, whereas no appreciable amounts of 
inorganic phosphate originated from the purine nucleotide groups. 

Structure of Yeast Ribonucleic Acid—The preservation of all purine 
groups in the form of polynucleotides during an enzymatic hydrolysis 
which leads to the dephosphorylation of at least 93 per cent of all pyrimi- 
dine groups excludes a regular alternating sequence of purine and pyrimi- 
dine groups in the ribonucleic acid molecule. Chains of several pyrimidine 
groups must instead be linked to chains of several purine groups. The 
fact that approximately 60 per cent of the pyrimidine groups are liberated 
by ribonuclease as mononucleotides shows that, in the ribonucleic acid 
molecule, the remaining pyrimidine groups are linked to purine groups or 
are combined in such a way as to be resistant to further action by this 
enzyme. 

The relatively large number of pyrimidine groups present in limit poly- 
nucleotides has a bearing on the possible average length of the pyrimidine 
chains. A detailed discussion of this problem will only be fruitful when 
it is possible to establish the location of an additional number of pyrimi- 
dine groups in the ribonucleic acid molecule. Experiments concerning 
this problem are in progress in our laboratory. 

Natire of Some Interlinkages between Pyrimidine Nucleotide Groups in 
Ribonacleic Acid Molecule—The observation that the action of phospha- 
tase or} limit ribopolynucleotides results in the formation of polynucleotides 
which reduce periodate strongly suggests that at least a part of the in- 
terlinkages between the pyrimidine nucleotide residues involves positions 
other than the 2’- or 3’-carbon atoms of the ribosyl groups. Such posi- 
tions could be either the 5’ position of the ribosyl groups or certain posi- 
tions of the pyrimidine rings. 
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results in the transformation of at least 93 per cent of the acid-stabk 
phosphorus groups of yeast ribonucleic acid into inorganic phosphate 
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SUMMARY 


. The combined action of ribonuclease and of prostate phosphatay 


whereas the amount of acid-labile organic phosphorus groups remain} (Fri 


unchanged during the digestion. The evidence presented supports the 
explanation that ribonuclease specifically hydrolyzes the phosphory] link- 
ages between nucleoside residues of yeast ribonucleic acid, converting 
those attached to pyrimidine nucleosides to phosphomonoester groups. 

2. The hydrolysis products formed during the exhaustive action 
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ribonuclease on yeast nucleic acid are (a) pyrimidine mononucleotide)ppen en 


amounting to approximately 60 per cent of the total pyrimidine residue phenyl 





and (b) limit polynucleotides in which the purine to pyrimidine ratio if}nzenc 


much higher than that of yeast ribonucleic acid. 


onclud 


3. Partial enzymatic dephosphorylation of the limit polynucleotides refpyy I 
sults in the formation of polynucleotides which react with periodate, ithty sin 
contrast to ribonucleic acid and to the limit polynucleotides. The perithhove ; 
date consumption is approximately equimolecular with the amount df) the | 
inorganic phosphate formed. This suggests that at least a part of théhoweve 
pyrimidine nucleoside residues of ribonucleic acid is linked to the neight pred 
boring nucleotide groups on positions other than the 2’ or 3’ positions dlpecific 


their ribosyls. 


Ire to 


4. The bearing of these observations on the structure of yeast ribofiy the » 
nucleic acid is discussed. A regular alternating sequence between purin4 The 


and pyrimidine groups in the yeast ribonucleic acid molecule has been ex}ighly 
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erting} Preliminary investigations have been made of the chemically reactive 
UPS. Jrroups of tobacco mosaic virus (TMV) with the object of discovering, if 
ion o possible, which groups are essential for infectivity. Reagents which have 
-otide'fjeen employed in such tests include formaldehyde (1), iodine (2), ketene, 
siduehhenyl isocyanate, carbobenzoxy chloride, p-chlorobenzoyl chloride, and 
atiO ijenzenesulfonyl chloride (3, 4). As a result of these studies, it has been 
concluded that some of each of the amino, phenolic, and indole groups of 
Jes reffMV protein are probably part of the structure required for virus activ- 
ute, illity, since the extensive reaction of these groups with the reagents listed 
periebove resulted in loss of infectivity. Virus activity was partially restored 
unt fn the case of the formolized virus by dialysis at pH 3 (1). In no case, 
of thhowever, has it been possible to link a given type of grouping specifically 
neigh} predominantly with infectivity. This is due in part to the lack of real 
ODS Opecificity of the reagents employed (5, 6) and probably in no small meas- 
ure to a lack of definitive tests for the many groups or structures present 
t ribofn the virus. 

puri} The present report describes some of the results obtained on treating 
en eMhighly purified preparations of each of three different strains of tobacco 
osaic virus (TMV, J14D1, and HR) with 2,4-dinitrofluorobenzene. 
These strains are marked by possession of apparently identical physical 
jmits (7) and very similar immunochemical properties (8, 9), and are dis- 
inguished mainly by their ability to cause different symptoms in Turkish 
dbacco and by certain differences in protein composition (10). In the 
resent experiments, the choice of strains was designed to bring out the 
rlative importance of amino and phenolic groups. Thus the J14D1 
rain yields about 2 per cent of lysine, while the other two yield about 1.5 
‘per cent, and the HR strain contains 6.8 per cent of tyrosine, whereas the 
mmaining pair has 3.8 per cent (10). Moreover, in addition to tests for 
‘ompleteness of interaction with amino and phenolic groups, attempts were 
ade to determine the extent of reaction of the reagent with sulfhydryl, 
anidino, and peptide groupings. 

The three strains of tobacco mosaic virus reacted quite differently with 
1, 8 he reagent, but, as will be described here, there seems to be little corre- 
ation between the infectivities found and the extent of reaction of any of 
the groupings. 
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Materials and Methods 


Virus Strains—The virus strains employed included common tobage 
mosaic virus (TMV) and two others, J14D1 and HR, which have been pr. 
viously described (10). Purified preparations of each virus were obtaine( 
from appropriately diseased Turkish tobacco plants by means of differen! 
tial centrifugation. The final preparations were in aqueous solution. 

Preparation of Dinitrophenyl Derivatives—To 6 ml. of aqueous suspensiol 
of virus containing about 100 mg. of virus in a glass-stoppered cylindel 
were added 100 mg. of dry sodium bicarbonate and about 2 mg. (a con 
siderable excess) of dinitrofluorobenzene in 2 ml. of 95 per cent ethand 
Simultaneously, a control was set up containing all reagents in the pr: 
portions stated above but with omission of the dinitrofluorobenzene. The 
stoppered cylinders were rocked gently for 1 hour at about 25°, after whic 
each sample was transferred quantitatively to a centrifuge tube and mad 
up to 15 ml. with distilled water. The virus was then sedimented at abou’ 
60,000 X g for 1 hour. The viral pellets were soaked overnight in | 
ml. of water, resuspended, and spun in a clinical centrifuge to remove in! 
soluble matter. Only a small amount of insoluble material was obtained 
with any of the strains, and it was usually least with the HR strain anj 
most with TMV. The colors of the supernatant fluids, that is of the dini 
trophenyl (DNP) derivatives of the viral strains, were bright yellow, palj 


yellow, and very pale yellow for the Jl14D1, HR, and TMV strains, respec 7 


tively. Phosphorus analyses were made on all of the preparations i 
order to provide a basis for diluting the samples to the same levels fu 
tests of infectivity. The results of the phosphorus analyses also indi 
cated that there were no great losses of material in any case, and, further 
that appreciable amounts of nucleic acid were probably not. liberated 
during preparation and manipulation of the derivatives. 

Infectivity Measurements—Samples were diluted for infectivity test 
in Sgrensen’s 0.1 M phosphate buffer at pH 7. The derivatives were teste 
against the reaction controls on Nicotiana glutinosa by the half leaf methot 
and under the conditions and precautions described by Miller and Stanley 
(4). In addition, two series of tests were made simultaneously on \ 
glutinosa and on Phaseolus vulgaris, but, in contrast to the disproportionat 
results observed by Miller and Stanley with some of their derivatives 0 
these two hosts (4), no significant differences in host response were foun 
in the present case. 

Three series of DNP derivatives were made and tested. Although thi 
results of the three tests differed quantitatively to some extent, they co 
incided qualitatively in that in each case the treatment with dinitrofluore 
benzene caused the greatest inactivation of strain HR, had a lesser effec 
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on the infectivity of strain J14D1, and affected TMV least of all. Since 
the results obtained with the third series of preparations were close to the 
average, they are given in Table I as an illustration of the series of ex- 
periments. 

Preparations of the DNP derivatives of the strains were tested on several 
hosts, and in each instance the response of the plants was the same as that 
invoked by the untreated virus. It may be concluded that these, like 
previously prepared derivatives of tobacco mosaic virus, show in the 
gross no apparent mutant properties. 

Analytical Methods—The extent of reaction of amino groups was de- 
termined by means of the ninhydrin reaction (3) modified as follows: To 
| ml. portions (2 to 10 mg.) of virus in aqueous solution in glass-stoppered 


TABLE I 


Relative Infectivities and Interaction of Groups of Some Strains of Tobacco Mosaic 
Virus after Treatment for 1 Hour at 25° with 2,4-Dinitrofluorobenzene 





l 
| | Extent of interaction of groups 
| Infectivity* on | 














Strain | Nicotiana ] ee 
—— | ha —sH | Phenol + | Guanidino | Peptide 
= | sialon 
per cent | per cent | per cent ber cent per cent per ceni 
eee | 17 8 |; 6 at oe 1 
MBIA ccs shacks cacao | 35 | 18 1 11 ll 7 
C—O | 61 / 10 10 9 4 7 








* Infectivity relative to that of an aliquot of the virus treated identically save 


for the exclusion of 2,4-dinitrofluorobenzene. 


graduated cylinders were added 0.5 ml. of pyridine and 0.25 ml. of 2 per 
cent aqueous ninhydrin. After mixing the contents, the cylinders were 
placed in a boiling water bath for 5 minutes, then in cold water for 5 min- 
utes. After dilution to 10 ml. with distilled water and mixing, the color 
was read in the Klett-Summerson photoelectric colorimeter with green 
filter No. 54. The colorimeter was set at zero with a reagent blank which 
had been treated the same as the samples. A linear response in color 
was observed with increments of virus up to 13 mg., the maximum amount 
tested. 

Sulfhydryl groups were determined by the uric acid method of Anson 
(11), 

Phenol plus indole groups were determined by the modified pH 8 method 
described by Miller (12). 

Tests for reaction of guanidino groups were made by means of the Saka- 
guchi reaction, as modified by Thomas and coworkers (13). 
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The reaction of peptide linkages was tested with the biuret reagent an( 

procedure essentially as described by Mehl (14). 
DISCUSSION 

Upon treating amino acids with dinitrofluorobenzene, Sanger found that 
reaction occurred between the reagent and amino, phenolic hydroxy) 
thiol, and although slowly, imidazole groups (15). In the present inves. 
tigation with virus strains, some of each of these groups in the virus appar. 
ently reacted, with the exception of imidazole, for which no satisfactory test 
was available. (In any case, only the HR strain contains histidine, the 
proportion being less than 1 per cent.) In addition, there was observed a 
diminution in the chromogenic value of the viral guanidino and peptide 
groups after treatment with dinitrofluorobenzene, suggesting that these 
groups were involved directly or indirectly. 

The J14D1 strain reacted the most extensively with the reagent as 
judged by the results of the tests for reaction with the various groups and 
as evidenced more directly by the strong yellow color of the DNP-J14DI. 
However, with respect to infectivity, the DNP-J14D1 preparation was 
intermediate between derivatives of the other two strains. Furthermore, 
the HR strain, which appeared to have reacted least of all, was found to 
have been inactivated most. Hence there seems to be no obvious cor- 
relation between infectivity and extent of reaction of any or all of the 
groups for which tests were made. 

The view that amino and phenolic groups are significantly involved in 
infectious capacity seems poorly supported by the data in Table I unless 
it is assumed (1) that only a certain few of the amino and phenolic! groups 
are critical and (2) that this critical number of groups varies substantially 
among different strains. 

An alternative interpretation is that groups for which tests were not 
made are actually the ones vital for infectivity. In this connection, it 
should be noted that the somewhat neglected nucleic acid moiety of 
TMV has been found to react proportionally to the same extent as the 
protein upon treatment of the virus with radioactive mustards (16). It 
is possible that an explanation of what is vital for viral activity will, as 
in the case of protein enzymes, await further advancement of the know! 
edge of protein structure. 


The author was assisted in this study by Miss Jessie Mason MeNeil. 


1 Tt should be pointed out that, while the phenolic groups of the HR strain ap- 
peared to react very slightly with dinitrofluorobenzene, they gave a strong reaction 
with the phenol reagent, and, when equal weights of HR, TMV, and J14D1 were 
tested in the phenol reaction, the HR strain always gave a stronger color than the 
other two, a result compatible with its higher content of tyrosine and tryptophan 
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SUMMARY 


Dinitrophenyl derivatives were made of the ordinary, J14D1, and HR 
strains of tobacco mosaic virus. The infectivities and extent of interac- 
tion with amino, thiol, phenol plus indole, guanidino, and peptide groups 
of the derivatives were compared with those of control samples of the re- 
spective viruses. Although considerable differences were observed among 
the strains with respect to infectivities and degree of reaction of various 
chemical groups, no definite correlation of infectivity with a particular 
grouping was established. 
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INCORPORATION OF LABELED CYSTINE INTO TISSUE 
PROTEIN AND SUBCELLULAR STRUCTURES* 


By NORMAN D. LEE, JEAN T. ANDERSON, RUTH MILLER, anv 
ROBERT H. WILLIAMS 


(From the Department of Medicine, University of Washington School of Medicine, 
Seattle, Washington) 


(Received for publication, March 26, 1951) 


The pioneer investigations of Schoenheimer and his colleagues have 
povided a fruitful insight into the problems of protein metabolism (1). 
The main features of these studies, in which amino acids labeled with 
heavy nitrogen and deuterium were utilized, have been confirmed by ex- 
periments with amino acids labeled with isotopic carbon and sulfur (2-5). 
In general, observations were made 24 and more hours after isotope ad- 
ministration and have shown that the protein mass of each type of tissue 
possessed a characteristic level of isotopic concentration. Furthermore, 
the amount of label decreased at a rate characteristic of the tissue until 
a continuously decreasing ‘‘average isotope concentration” was reached; 
ie. all tissues closely approximated the same isotope concentration. The 
significance of these observations lies in the interpretation that the in- 
corporation of labeled amino acids into protein is identical with protein 
synthesis. 

Recent interest in the réle of cytoplasmic particulates in cellular metab- 
ilism has associated them with protein synthesis (6). The relationship 
of these particulates to cytoplasmic pentose nucleic acid and the fact that 
iumerous enzymatic properties have been associated with them (7) have 
provided the theoretical basis for the hypothesis that they are primary 
sites of protein synthesis. In support of this contention, it has been demon- 
strated that washed particulates of mammalian liver incorporate radioac- 
tive amino acids into protein in vitro (8). 

In this paper data are presented concerning the incorporation of radio- 
active sulfur into the proteins of various tissues and into the subcellular 
components of the liver of the rat after intraperitoneal administration of 
bL-cystine! labeled with S**. The subcellular components have been com- 
pared with respect to their relative participation in the S** incorporation 
activities of the liver. Since the conversion of cystine sulfur to methionine 
sulfur has not been shown to occur, S*-labeled cystine is well suited for 

* This work was supported by grants-in-aid from the Office of Naval Research and 
the Atomic Energy Commission. 

‘Synthesized by Dr. H. Tarver of the University of California, Berkeley. 
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these studies. The purpose of this report is the presentation of funda. 
mental observations on cystine-S** incorporation. Various factors infly. 
encing this incorporation will be discussed in subsequent papers. 


Methods 


_ 


General—Sprague-Dawley rats, weighing between 220 and 270 gm, 
were used in all experiments and were fed Purina chow ad libitum until 
sacrificed. At zero time they were injected intraperitoneally with 3.75 yx 
10-* mm of S*-labeled pi-cystine; this was equivalent to 2.43 x 1 
c.p.m. (1.34 ye.) in the assay system used. In the time study series, the 
animals were sacrificed in groups at 2, 4, 8, 12, 24, and 48 hours after 
cystine administration; in all other studies, the animals were sacrificed 
8 hours after cystine administration. Sacrifice was by nembutal anes. 
thesia, followed by cardiac puncture and exsanguination. Heart, liver, 
kidneys, spleen, adrenals, and intestinal mucosa were rapidly removed 
and stored for analysis at —17°. 

Two types of tissue preparations were studied: intact tissue and the pro- 
tein fraction of the tissue. The former was analyzed directly, whereas 
the latter was reduced with mercaptoethanol in order to remove sulfw 
bound to protein by S—S linkages. This was done by homogenizing 1 
sample of tissue, approximately 500 mg., in trichloroacetic acid and wasb- 
ing it in water twice. The denatured protein was suspended in 10 ml. o 
buffer of pH 7.0 to which 0.1 ml. of 2-mercaptoethanol? had been added to 
reduce S—S linkages to —SH. After 2 to 3 hours at room temperature, 
the protein was again washed in water and analyzed. This treatment was 
found to be of considerable significance for determinations made less 
than 8 hours after cystine administration. The reduction of proteins ob- 
tained 2 hours after cystine administration resulted in a loss of specific 
activity amounting to about 30 per cent. At 4 hours this loss was about 
15 per cent and at 8 hours no loss was detectable. This procedure was re- 
tained for all studies, however, in view of possible alterations in cystine 
metabolism. 

The objective of the analytical procedure was the determination of the 
relation of S** to S*® (9-11). This was done by conversion of all sulfur 
compounds in the preparation, tissue or reduced protein, to sulfate by wet 
oxidation. The sulfate was precipitated as the benzidine derivative and 
counted on filter paper with an end window Geiger-Miiller counting tube. 
Counting accuracy was kept within the range of 3 to 4 per cent probable 
error and the counting rate of each sample was corrected for decay, self- 


2 This compound was generously donated by the Union Carbide and Carbon Cor- 
poration, Carbide and Carbon Chemicals Division. 
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absorption, and coincidence. The benzidine sulfate was then titrated 
vith 0.01 N sodium hydroxide (phenol red indicator) in a boiling solution. 
The results were expressed as specifie activity. This term is defined 
here as 
C.p.m. S® X body weight in kilos 
* um S titrated 








In the case of tissue determinations, specific activity is an expression 
of S$ concentration. Since the conversion of methionine sulfur to cystine 
ailfur has not been shown to be reversible, protein specific activity is an 
index of the extent of cystine incorporation into protein. 

Fractionation of Subcellular Components of Liver—Liver fractionations 
were carried out by the method of Ada (12) with approximately 5 gm. of 
liver for each separation. This yielded four fractions: nuclear, mitochon- 
drial, microsomal, and residual protein. The nuclear fraction was treated 
by the method of Marshak (13), producing a suspension which was en- 
riched with nuclei, but not pure. A Servall high speed centrifuge was used, 
the relative centrifugal forces being calculated from the center of the tube, 
and all operations were carried out in the cold. The various fractions were 
analyzed for radioactivity by the methods used for protein (see ‘‘Gen- 
eral”’), 

$5 Excretion in Urine—Rats were injected intraperitoneally with radio- 
active DL-cystine and placed in metabolism cages. In order to insure 
adequate urine excretion, 5 ml. of physiological saline were administered 
intraperitoneally at 2 hour intervals for the first 8 hours. Urine was 
collected 8 and 24 hours after cystine administration and aliquots were 
assayed directly for S** content. 

Perfusion of Liver—The advisability of perfusion of organs prior to analy- 
sis was investigated by perfusing the liver in situ with 0.85 per cent NaCl. 
The perfusion fluid was introduced under moderate pressure by insertion 
of a cannula in the inferior vena cava and the perfusate withdrawn quan- 
titatively in separate lots at the right atrium. The various batches were 
centrifuged to remove red blood cells and the total S*° was directly deter- 
mined. After perfusion the specific activities of liver protein and tissue 
were determined. 

Results 

Time Studies—The results are graphically presented in Fig. 1. The 
specific activities of all tissues underwent a rapid initial decline and tended 
to approximate values for the corresponding protein. This approximation 
occurred about 24 hours after cystine administration and correlated well 
with the major part of urinary S* excretion. 

Tissue protein showed a high initial incorporation of S* which increased 
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with respect to time and went through a maximum between 12 and 2 


hours after cystine administration. 
in the case of heart, adrenal, and plasma protein. 


A comparison of tissue and protein specific activities for various organs 
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The maximum was most pronounced 
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cystine and the specific activities of various organs of the rat. 





ae 
Time, Hours 
Fig. 1. The relationship between time after administration of S*-labeled p1-| Micro 


sents tissue specific activity and the broken line protein specific activity. 


is presented in Table I. 
cystine administration. 


The values are for animals sacrificed 8 hours after 
Intestinal mucosa and kidney proteins contained 
the greatest concentration of S**, plasma, spleen, adrenal, and liver proteins 
were intermediate, and heart muscle concentrated S* least. 
of protein labeling was characteristic of each tissue and could be roughly 


correlated with the Qo, of that tissue (14). 
Partition of S** among Subcellular Components of Liver—The results att} 1 


presented in Table II. 


The greatest incorporation of S*> occurred in the 
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microsomal and nuclear fractions. An arbitrary index of activity in the 
various subcellular fractions can be derived by comparison of the specific 
activity of the liver fraction with that of the liver protein. This number, 
the participation index, permits a comparison of the relative S* incorpora- 


TABLE I 


Specific Activity of Various Organs of Rat 8 Hours after Intraperitoneal Administration 
of S**-Labeled pu-Cystine 























Specific activity 
Organ a 
Tissue = Protein 

HEME Ge, 2 Sica. 5 shenersctaliar eine ee 1.20 + 0.12 | 0.69 + 0.03 
BRNO R es oc ccicit densi vis tvemacarate a etre 3.05 + 0.14 | 1.18 + 0.04 
1: ULC Nhe eee npn BRP NT eee seek ee Ed. 5.92 + 0.53 | 3.28 + 0.27 
BIBER ce eds ni Wastes, Soh ede ke ee a 3.71 + 0.19 | 2.02 + 0.10 
INWOAUINAD THUCOBEN 05 5cs seo oewas cee: 9.66 + 0.95 | 4.31 + 0.27 
WGI ir tac tenant ordi, ier Ra re | 5.09 1.76 

[eh an a ON rw cad a cca ne | 4.80 + 0.20 2.58 + 0.34 


| { 





Each value is the mean + standard error of individual determinations on four to 
seventeen animals. The adrenal values were obtained by pooling the glands from 
eight animals. 


TABLE II 


Specific Activity and Participation Index of Subcellular Componets of Rat Liver 
8 Hours after Intraperitoneal Administration of S**-Labeled pi- Cystine 








| Specific activity Participation index 
| 

OE Mo cdiccaech Lele aeh | 3.05 + 0.14 

Sn RO UCR cates Cork Wn armen ri | 1.18 + 0.04 
xia cd, nlarcyceitia we | 1.29 + 0.13 1.09 
Mitochondrial protein. .................. 1.08 + 0.05 | 0.915 
Microsomal proves. <<... cose dene cdsenses | 1.538 + 0.04 1.30 
Hedualonroveincws :.14.5d.nathns sree; sans 1.14 + 0.08 | 0.965 








Each value for the subcellular components is s the n mean + the stand: ard error of 
individual determinations on six to eight animals. 


tion activities of the individual fraction, regardless of the level of labeling 
in the protein mass. The facts that each fraction is arbitrarily defined 
(15) and consists of a population which is probably functionally hetero- 
geneous constitute the major limitations in the significance of this meas- 
urement. 


Urinary Excretion of S*°—The results are presented in Table III. Ap- 


' proximately 37 per cent of the dose of S** was excreted in 8 hours; in the 











738 INCORPORATION OF LABELED CYSTINE 


succeeding 16 hours another 12 per cent was excreted. Therefore, about 
the time of maximum tissue protein labeling, almost 50 per cent of the 
administered S** was excreted. This time interval coincided with that at 
which tissue and protein specific activities approached identity. 
Liver Perfusion Experiments—Fig. 2 presents the results from a typical 
successful perfusion. Variation in absolute values among individual ex- 
periments was found to be due to technical difficulties encountered at the 
time. The first 30 to 40 ml. of perfusate were bloody, but succeeding 


TaBLe III 


Urinary Excretion of S*> after Intraperitoneal Administration of S*>-Labeled vi- 
Cystine 


| Time after amino acid administration 





8 hrs. 24 hrs. 
— —_ $$$ — a | etisalat —— — Se — 
Dose in urine, average %................ | 37.4 49.8 


LES PTZ 1 a ee Ete aeons 33 .0-41.7 45 .6-54.1 





These values were obtained from four animals. 


TaB.e IV 
Specific Activity of Tissue and Proteins from Rat Liver, Perfused with 0.85 Per Cen 
NaCl 8 Hours after Intraperitoneal Administration of S*>-Labeled pu-Cystine 





| 
| Specific activity 
|. 

| 


Liver ee ee ee ns —_ 
Control | Perfused 
PRURREI SS ee ne S rsh ee Moos wots atte oe = 3.05 + 0.14 1.80 + 0.13 
LESS IST. cvee Sree aer eRe rt OURO co ene 1.18 + 0.04 0.81 + 0.03 


Each value for perfused liver is the mean + the standard error of individual de- 
terminations on six animals. 
batches showed only traces of red blood cells, thus indicating that almost 
all of the blood had been removed. It was apparent, however, that S* 
continued to appear in the perfusate up to 100 ml.; in certain experiments 
this observation was true for 150 ml. of ‘perfusate. Consequently, it did 
not seem likely that the continued appearance of S* in the perfusate 
could be attributed to plasma contamination but rather that some intra 
zellular component of the liver tissue was being washed out. 

Table IV presents the specific activity determinations for both control 
and perfused liver. It is obvious that perfusion resulted in the loss o 
protein S*° from liver and probably of non-protein S**. That the protein 
lost was liver protein can be demonstrated by comparison of the values in 
Table II with those for perfused liver in Table IV. The nuclear, mito- 
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about | chondrial, and microsomal fractions could not have been contaminated 
of the} with plasma protein because of the nature of the methods by which they 
nat at | were obtained. The fact that their specific activity was greater than that 
jor perfused liver protein unequivocally means that a protein component 
ypical | of high specific activity must have been removed from one or all of these 
al ex. fractions by the process of perfusion. Consequently, it was considered 
at the| that perfusion should not be used in these studies. 
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Perfusate, ml 

Fig. 2. The effect of perfusion on the removal of S** from the liver of rats which 
er Cent} had been intraperitoneally injected with S**-labeled pL-cystine 8 hours previously. 
ine 
=“ DISCUSSION 
—__| The localization of S** in the tissue and in the protein mass derived 
therefrom can be ascribed to two different categories of biochemical activ- 

ity. Protein labeling resulting from the administration of isotopic amino 
pe acids is assumed to be identical with protein synthesis. Tissue labeling 
_| cannot be so succinctly described, since such measurements are represent- 
jual de-} ative of the net results of all processes concerned with cystine and sulfur 
metabolism. Consequently, it is reasonable to suppose that the specific 
ulmost | &tivity measurements for tissue are reflections of the turnover of the 
iat Si} issue cystine pool. This supposition is supported by the following obser- 
iments| Vations: (1) The tissue values decreased rapidly, in comparison to half life 
it did} determinations for liver, plasma, ete. (4, 16). (2) Protein and tissue spe- 
rfusate} ‘ifie activities became identical prior to 24 hours, when protein specific 
 intra-| activity became maximum. Greenberg and Winnick (3) obtained similar 
results in experiments with C'™-labeled glycine. (3) Identity of tissue and 
eontrolt Protein values occurred at the time when the major urinary excretion of 
loss off S® had been completed. After 24 hours 8* excretion continues at a com- 
protein paratively low rate and protein specific activity decreases (4); this is con- 
Jues inf “stent with the release of protein-bound 8*. (4) The urinary excretion of 
_ mito-{ S* at 24 hours was approximately 50 per cent of the dose. In similar 
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experiments with S*-labeled L-cystine, Gutmann and Wood found that 
approximately 20 to 25 per cent of the dose was excreted after 4 day 
(17). In the experiments reported here, pL-cystine was employed; ther. 
fore it is reasonable to believe that the discrepancy with respect to Gut. 
mann and Wood’s report was the result of D-cystine metabolism and e. 
cretion. Observations similar to ours have been reported by Levine and 
Tarver in experiments in which C-labeled pi-serine was employed (18) 
and by Winnick et al. with C-labeled pi-tyrosine (2). 

The tendency for the protein masses of all tissues to reach an “average 
isotope concentration” may be interpreted to mean that equilibrium be. 
tween tissues of high and low incorporative activity is being approximated, 
In other words, the distinctive characteristics of the various tissue protein 
masses are being lost. This interpretation places a severe limitation on 
any experiment designed to study the effect of factors which control the 
incorporation of isotopic amino acids into the protein of specific tissues. 
In order to obviate this difficulty, it would be necessary to employ a set 
of conditions in which the mutual contribution of isotopes from various 
tissues would be of minor importance. This can be achieved if observa- 
tions were made at a time prior to maximum isotope concentration in tissue 
protein, when the rate of incorporation of isotope is determined by the 
presence of a tissue amino acid pool of relatively high specific activity. 
This point is of particular importance with respect to the studies on in- 
corporation of S** into the subcellular fractions of liver. Consequently, 
observations would have to be made earlier than 24 hours after isotope 
administration. The 8 hour interval employed in these studies was chosen 
because it was the earliest at which variation in analytical values became 
acceptably small. 

Borsook (8) has calculated the turnover rates of several amino acids 
and expressed these rates as millimoles of amino acid incorporated X 10° 
per gm. of tissue protein per hour. The values for glycine and tyrosine 
with respect to liver protein were 6.8 and 0.63, respectively. The amount 
of amino acid used in the experiments from which Borsook drew his data 
ranged from 0.012 mm through 0.33 mm for a 200 gm. rat. Borsook’s 
recalculation of the data of Goldsworthy et al. (19) indicated that the siz 
of the dose had little effect on the rate of amino acid incorporation. Hov- 
ever, even with the smallest dose given, the amount of amino acid could 
hardly be considered tracer. It may be argued that these doses actually 
“flooded” the mechanisms directly concerned with the incorporation 0 
amino acids into protein; consequently, no significant dosage effect was 
observed. The amount of amino acid used in our studies was 3.75 X 10° 
mM. If our experimental values are computed in terms of a dose of 0.37) 
mM, which is in the range of dosage on which Borsook has based his cal: 
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culations, cystine incorporation into rat liver protein occurred at the rate 
id that} of 0.29 X 10-* mm per gm. of liver protein per hour. 

4 day} It would be desirable to present similar information concerning the rate 
, there-} of cystine incorporation into the subcellular fractions of liver; such calcu- 
0 Gut- lations, however, will have to await precise determination of the partition 
und ex-} of liver protein among the four compartments. The participation differ- 
ne and} ences of these subcellular components in labeling liver protein do indicate 
od (18}} that they are of distinctly different potencies; the participation of the 
microsomal fraction, the most active, was approximately 40 per cent 
wverage} greater than that of the mitochondrial fraction, the least active. Similar 
um be-} measurements have been made by Hultin (20) and do not agree with our 
mated.} results in their entirety. However, the experimental approach employed, 
protein} namely the use of avian species, the new-born organism, and the type of 
10n on} gbeling, is probably responsible for these differences. The partition of 
rol the} several different radioactive amino acids among the subcellular compo- 
tissues.) nents of guinea pig liver has been reported by Borsook e¢ al. (21). In 
y & Set} general their observations corroborated those reported here; the micro- 
various} somal fraction in all cases was the most active and the mitochondrial frac- 
oServa-| tion tended to be the least active. 


1 tissue 
by the SUMMARY 


tivity.) pt-Cystine, labeled with S**, was used to study the metabolism of this 
on in-} amino acid in the rat. The specific activity of the sulfur in various organs 
uently, and their proteins, and in the subcellular components of liver, was deter- 
isotope} mined, as was the urinary excretion of S**. 
chosel} The specific activity of the sulfur in all organs was greater, initially, 
pecame| than that of the respective proteins. S*> concentration in the organs de- 
creased rapidly throughout the first 24 hours after cystine administration, 
> acids} whereas that of the proteins achieved a maximum value. This time in- 
X 10°} terval coincided with that for the excretion of 50 per cent of the S** ad- 
yrosilé| ministered and with that at which identity of protein and organ values 
Mout) was approximated. 
is data} At 8 hours after cystine administration, the protein specific activity of 
rsook’} intestinal mucosa and kidney was greatest, that of plasma, spleen, adrenal 
he siz| liver intermediate, and heart least. The incorporation of S*° into the pro- 
How: tein of the subcellular components of liver was greatest in the microsomal 


1 could} fraction and least in the mitochondrial fraction. 
ctually 
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THE EFFECTS OF ADRENALECTOMY AND CORTISONE 
TREATMENT ON LIVER METABOLISM IN VITRO* 


By MARIE N. LIPSETT ann FREDERICK J. MOORE 


(From the Department of Experimental Medicine, University of Southern California 
School of Medicine, and the Laboratories of the Los Angeles County Hospital, 
Los Angeles, California) 


(Received for publication, June 2, 1951) 


Much indirect evidence has accumulated to indicate that the adrenal 
cortex, in addition to its better known effects on carbohydrate and pro- 
tein metabolism, may also play a réle in fat metabolism. Ingle (4) and 
Engel (2) have reviewed much of this evidence, and conclude that fat 
metabolism is altered by the adrenal, although whether the change is 
primary or secondary is uncertain. 

Experimentally, Nelson ef al. (7) found a reduced rate of utilization 
of ketone bodies injected into adrenalectomized glucose-fed rats. Few 
reports on the relative rates of ketone body production are available. 
Ketonemia is not infrequently observed in patients receiving cortisone 
(10), although Shipley and Fry (9) reported no ketonemia in rats 4 hours 
after the injection of corticosterone, desoxycorticosterone, cortisone, or 
crude adrenal cortical extract. Bondy and Wilhelmi (1) recently found 
no significant difference in the rate of ketone body formation by liver 
slices from fasted normal and adrenalectomized rats. Since it is the 
endogenous liver fat which serves as substrate for ketone body produc- 
tion in vitro, the discrepancy between the results of Bondy and Wilhelmi 
and those reported in the present study may lie in the fact that fasted 
adrenalectomized rats mobilize relatively little fat to the liver, while 
fasted adrenalectomized mice mobilize large amounts, as noted by White 
(12) and confirmed in this laboratory. Several other reports (6, 8) that 
adrenalectomized mice do not show fasting fat mobilization were based 
on an observation period of only 7 hours, in comparison with White’s 
observations made after a 48 hour fast and ours made after 20 hours. 
It may be that the rate of mobilization is slower in adrenalectomized 
mice, and therefore was not observed in the shorter period employed by 
other workers. 

The present study notes (1) the effect of adrenalectomy upon carbo- 
hydrate, ketone bodies, oxygen consumption, and tissue hydration in 
liver slices from fasting mice; (2) the effect of cortisone given to adre- 


* This investigation was supported in part by the United States Public Health 
Service (H-386), the Helen Hay Whitney Foundation, and Eli Lilly and Company. 
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nalectomized mice at various times before removal of the liver for study. 
and (3) the interrelations found among these measurements. 


Methods 


Weanling mice of the Olitsky strain were adrenalectomized by the 
lumbar route and maintained on a stock diet consisting of calf mann; 
and rolled barley. The drinking fluid was 5 per cent glucose-0.9 per 
cent NaCl for the Ist postoperative day and 0.9 per cent NaCl ther. 
after. 3 to 10 days after operation, the food was removed, and, after, 
20 hour fast, the animals were sacrificed by cervical fracture. Live 
slices were cut free-hand and studied in the Warburg apparatus, with 
Krebs-Ringer phosphate buffer and an atmosphere of oxygen. After a 
total of 120 minutes in the Warburg bath, the vessels were removed and 
the vessel contents homogenized in a Potter homogenizer. The homo- 
genate and vessel washings were made up to volume, and aliquots taken 
for chemical determination of total carbohydrate and total ketone bodies. 

Total carbohydrate was determined by hydrolyzing the sample in 1 x 
H.SO,, followed by a glucose determination by the method of Kingsley 
and Reinhold (5). Total ketone bodies were determined by the method 
of Greenberg and Lester (3). Samples of each liver were placed in tared 
weighing bottles and dried to constant weight to determine the wate 
content of the tissue. 


EXPERIMENTAL 


A number of normal and adrenalectomized mice were fasted for 2 
hours, with access to water and 0.9 per cent NaCl solution respectively, 
before the livers were removed, sliced, and incubated in Warburg vessels, 
On each tissue, determinations were made of the wet to dry weight ratio, 
Qo,, and of the amounts of carbohydrate and ketone bodies accumulated 
during the 2 hour incubation period. These latter values were corrected 
for the base levels determined on unincubated tissue. It may be seen 
in Table I that there is no significant difference in the wet-dry ratios or 
in the Qo, values, but that the rates of accumulation of carbohydrate and 
ketone bodies are markedly and significantly higher in the normal than 
in the adrenalectomized animals. 

To determine the effects of cortisone, a series of adrenalectomized 
animals was injected subcutaneously with 0.1 mg. of cortisone acetate 
in saline (Merck Cortone) at varying periods before the end of the 20 
hour fast, and the livers of these animals were similarly studied (Fig. 1). 
At this dose level, rises in the wet-dry ratio, Qo,, and ketone body at- 
cumulation may be detected as early as 1 hour after injection. The 
maximal effects seem to occur about 6 hours after injection, at which 
time there is also a significant increase in carbohydrate. By 8 hours, 
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however, all values except those for ketone bodies have fallen essentially 
to the base-line. The level of ketone bodies remains elevated for at least 
9 hours, the longest period studied. 





























TABLE | 
Effects of Adrenalectomy upon Metabolism of Liver Slices* 
| | | Increase per mg. dry weight per 
| | | 2 hrs. 
| Wet-dry ratio | Qos | = 
| | | Increase in Increase in 
| | | ketone bodies | carbohydrate 
a ai | | |  ‘¥ acetone 5 ¥ glucose 
NORM to Acta cate oe eteds ol VAS) | 5.44 (8) | 7.3 8)| 4.97 (6) 
Adrenalectomized.............. | 2.88 (11) | 4.35 (11) | 3.1 (11)| 0.1 (8) 
EI ESR er | 0.85 | 0.10 <0.001 '<0.001 
* The figures in parentheses indicate the’ number of determinations made. 
tp is the probability of difference between the two means, found from ¢. 
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Fic. 1. Effects of time of cortisone injection upon the response of liver slices 
from fasting adrenalectomized mice. A standard dose of 0.1 mg. of cortisone was 
given subcutaneously, and the animals were sacrificed at the time noted for study 
of liver slices in vitro. Each point represents the mean of duplicate determina- 
tions on three animals. © represents points significantly higher from the base- 
line (p < 0.025). * represents values expressed as micrograms of glucose or ace- 


tone per mg. of dry weight liver per 2 hours. 
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A limited interpretation of the results may be made. The lower rate 
of accumulation of ketone bodies exhibited by the liver of the adrenal. 
ectomized mouse does not reflect a limited amount of fat substrate, since 
the fat levels were essentially the same in fasted normal and adrenalee- 
tomized animals, as determined by the method of Weil and Stetten (11), 
Therefore this difference must lie among any or all of at least fout pos. 
sibilities: a decreased rate of fat utilization, a decreased rate of trans. 
formation of 2-carbon fragments to acetoacetate, an increased rate of 
utilization of 2-carbon fragments through the tricarboxylic acid cyele, 
and increased gluconeogenesis from fat. The present experiments do not 
allow us to choose among the first three possibilities. They do, however, 
rule out the last mechanism, since the total carbohydrate in the liver 
slices was not increased during incubation. . 

It is of interest to note that the water content of the liver tissue seems 
to parallel the responses in Qo, and ketone body production. The coeff- 
cient of correlation between the wet-dry ratio and Qo, is calculated to 
be 0.84; that between the wet-dry ratio and ketone body increment is 
0.72. This determination of the water content of the tissue may offer a 
simple means of estimating the time at which the maximal effect of a 
given dosage is produced. The fluctuation is not due to the fluid in- 
jected, since, with larger doses of cortisone, the wet-dry ratio remains 
elevated for at least 20 hours after the same volume of fluid was admin- 
istered. 


SUMMARY 


1. Accumulation of carbohydrate and ketone bodies in surviving liver 
slices from fasted mice is greatly reduced by adrenalectomy. 

2. The administration of cortisone to fasting adrenalectomized animals 
raises the increases in carbohydrate and ketone bodies in tissues from 
such animals to or above the levels for intact animals. It also increases 
the water content of the liver and the Qo, above levels observed in normal 
fasting livers. 

3. The time-response curve of fasted adrenalectomized animals given 
0.1 mg. of cortisone acetate was determined. Measurements were made 
in vitro of Qo,, carbohydrate, and ketone bodies, in addition to the wet: 
dry ratio of the tissue. The maximal response occurred approximately 6 
hours after injection. 

4. A high degree of correlation was noted between the wet-dry ratio 
and Qo.. 


We wish to thank Miss Rhoda Tappon and Mrs. Ingrid Markul for 
their valuable technical assistance in this study. 
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THE EFFECT OF THYROXINE ON ASCORBIC ACID 
OXIDATION* 


By CHALMERS L. GEMMILL 


(From the Department of Pharmacology, University of Virginia Medical School, 
Charlottesville, Virginia) 


(Received for publication, June 7, 1951) 


After numerous negative experiments on the possible effect of thyroxine 
on oxidations in animal tissue slices and homogenates, experiments were 
tried with this hormone on a vegetable enzyme, ascorbic acid oxidase. It 
was found that small amounts of thyroxine stimulated the oxygen uptake 
of the ascorbic acid-ascorbic acid oxidase system. Since ascorbic acid oxi- 
dase is a copper protein (1), the effect of thyroxine was studied on the cu- 
pric ion-induced oxidation of ascorbic acid. In this case, an inhibition of 
oxidation was obtained which was proportional to the thyroxine concen- 
tration. 


EXPERIMENTAL 


Two preparations of purified ascorbic acid oxidase were used in this 
work. The first! contained 1000 units per mg. of protein, while the second 
contained 500 units per ml.? Both of these preparations were made by the 
method of Powers, Lewis, and Dawson (2) with squash as a starting mate- 
rial. The thyroxine used in these experiments was the sodium salt of DL- 
thyroxine. The sodium salt of thyroxine was selected on account of its 
solubility. In the earlier experiments, the sodium thyroxinate was weighed 
out in amounts varying from 1 to 8 mg. and placed in 100 ml. of 0.1 m 
disodium phosphate. Even at the lower concentrations there was a milky 
white color to this solution. In the later experiments, the sodium thy- 
roxinate was dissolved in 1 ml. of 0.1 N sodium hydroxide and made up to 
100 ml. with water. A control solution was made at the same time con- 
taining 1 ml. of 0.1 N sodium hydroxide diluted to 100 ml. with water. 
3.2 gm. of ascorbic acid were dissolved in 0.1 m phosphate buffer (pH 7.28). 

In a typical experiment (Fig. 1), 1.6 ml. of 0.1 m phosphate buffer (pH 
7.28) were placed in the main Warburg vessel with 0.2 ml. of diluted en- 
zyme preparation and 1.0 ml. of the sodium thyroxinate solution. 0.2 ml. 


*Presented in abstract before the Virginia Academy of Sciences, Lynchburg, 
May 11, 1951. 

1 Obtained from the Worthington Biochemical Laboratory. 

2 Obtained from Dr. Charles R. Dawson, Department of Chemistry, Columbia 
University, New York. 

3 Obtained from the Bios Laboratories; mol. wt., 799. 
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of the ascorbate solution was placed in the side arm. A control experiment 
was made at the same time by placing 1 ml. of the alkaline control solv. 
tion in the main vessel in place of the thyroxine solution. The final vol. 
ume was made to 3.0 ml. with 0.1 m phosphate (pH 7.28). The pH of 
the solution at the end of the experiment was 7.10. The final concentra. 
tion of sodium thyroxinate was 9.0 uM in this experiment. 

It is very essential to dilute the enzyme solution to the proper amount 
in order to get the thyroxine effect. If the velocity of reaction is too great, 
the thyroxine effect is masked; if too low, the effect is irregular. The best 
effects were obtained when the velocity of oxidation was around 200 ¢.mm,. 
in the first 30 minutes. In a few experiments, the enzyme was placed in 
the side arm, while the ascorbic acid solution was placed in the main vessel, 

In the experiments on the effect of thyroxine on the cupric ion-induced 
oxidation, the same concentrations of sodium thyroxinate and ascorbic 
acid were used as in the preceding experiments. In place of the enzyme, 
cupric chloride (0.00008 m) was added to the contents of the vessel. As- 
corbic acid solution was placed in the side arm. Varying degrees of inhi- 
bition of ascorbic acid oxidation were obtained by adding varying amounts 
of the sodium thyroxinate solution (Fig. 4). In a similar manner, the 
cupric chloride content (Fig. 5) was varied in order to obtain reaction 
rates at two levels of copper ion concentration. 

In both types of experiments, the vessels were equilibrated in the water 
bath at a temperature of 30.4° for 6 to 8 minutes before the initial read- 
ings were made, the stop-cocks closed, and the contents of the side arms 
tipped over into the vessels. In addition to the sodium hydroxide control 
mentioned above, experiments were carried out with diiodotyrosine‘ in 
each series. 

Results 


In Fig. 1 are given the results of the velocity of uptake of oxygen of the 
ascorbic acid-ascorbic acid oxidase system with and without thyroxine. It 
may be seen that even at the 4 minute reading there is definite increased 
uptake of oxygen when thyroxine is present. By decreasing the amount 
of thyroxine, a limiting value (0.09 um) may be found which does not give 
this effect (Fig. 2). In Fig. 2 may also be observed the fact that when 
thyroxine is present the reaction reaches a terminal state sooner than it 
the control. This fact was observed frequently. 14.0 um of diiodoty- 
rosine did not stimulate the oxygen uptake of this system. A graphite 
summary is presented in Fig. 3. The points are obtained by dividing 
the amount of oxygen used in a 20 minute period by the control into that 
amount used in a similar experiment with thyroxine. The value is givel 


43,5-Diiodo-L-tyrosine-2H,O (Eastman); mol. wt., 469.14. 
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isa per cent increment with 100 as a normal control value. For example, 
i) the experiment given in Fig. 1, the value for oxygen utilization with 
ihyroxine at the 20 minute period was 255 c.mm. and without thyroxine 
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Fic. 1. The effect of thyroxine on the uptake of oxygen of the ascorbic acid- 
ascorbic acid oxidase system. Curve I, with 22 y of sodium thyroxinate (X); Curve 
Il, without thyroxine (O). The vessel with thyroxine contained 1.6 ml. of 0.1 m 
phosphate, pH 7.28; 1.0 ml. of 2.2 mg. per cent of sodium thyroxinate in 0.001 Nn 
NaOH; 0.2 ml. of enzyme in 0.1 m phosphate buffer, pH 7.28; and 0.2 ml. of 3.2 per 
cent of ascorbic acid in the same phosphate buffer in the side arm. The vessel 
without thyroxine contained the same solutions with the exception that 1.0 ml. of 
0.001 n NaOH was used in place of the thyroxine solution. 

Fic. 2. Effeet of thyroxine on the oxygen uptake of the ascorbic acid-ascorbic 
acid oxidase system. Curve I, effect of 2.2 y of sodium thyroxinate on oxygen up- 
take; Curve II, effect of 0.22 y of sodium thyroxinate on oxygen uptake (A), and 
controls (O, V) without thyroxine. The amounts of solutions were the same as 
for Fig. 1, except that the sodium thyroxinate solution was diluted to 1:10 for X 
and 1:100 for A. The control solution of 0.001 Nn NaOH was diluted 1:10 for O 
and 1:100 for V. 
136¢.mm. The per cent increment, therefore, is +88 and is recorded as 
such for this experiment in Fig. 3. 

The results of the ascorbic acid oxidation catalyzed by cupric ion are 
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giventin Figs. 4 and 5. In Fig. 4, it may be seen that thyroxine had a 
definite inhibitory effect on the uptake of oxygen under these conditions, 
By assuming that the cupric ion is combining with thyroxine, a definite” 
relationship of this combination may be obtained by comparing the re- purified 
sults given in Figs. 4 and 5. It may be seen that the reduction in velocity 

of oxidation of ascorbic acid is the same when 17.6 y of thyroxine are used 
with 2.16 y of cupric chloride as when 1.08 y of cupric chloride are used 
without thyroxine (Fig. 5). Therefore, the reduction in velocity of oxida- [201 
tion of ascorbate corresponds to the removal of 1.08 y of cupric chloride. 
Since 17.6 y of thyroxine in 3 ml. (7.3 uM) are as effective on the inhibition 
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Fic. 3. Per cent increments of oxygen consumption when thyroxine is present sjytioy 
in ascorbic acid-ascorbic acid oxidase system. J, experiments with preparation fin yegs, 
ascorbic acid oxidase obtained from the Bios Laboratories; IZ, experiments withyog) 
preparation of ascorbic acid oxidase obtained from Dr. Dawson. All results takeny,oq. 
at 20 minute periods and compared to control values at the same period without nake ¢ 


thyroxine. Fic. 


—— |, effec 
of oxidation as the removal of 1.08 y of cupric chloride (2.6 um), 3 moles rh 


of sodium thyroxinate may be combining with 1 mole of cupric chloride. placed 
The final pH of these solutions was 6.98. This inhibitory effect was notetl. of : 
obtained when 11.3 um of diiodotyrosine were used in this reaction. — 

During the course of these experiments, many negative results were ob- suai 
tained with other enzyme systems. Only those results which have a bear- 
ing on this work will be reported. Sodium thyroxinate had no effect on 
the catechol oxidation by tyrosinase or on the oxidation of ascorbic acid 
by tyrosinase when catechol was employed in catalytic amounts. Neither 
ascorbic acid oxidase nor tyrosinase had any effect on the oxidation of 
thyroxine as a substrate. Thyroxine had no effect on purified catalase. 
Thyroglobulin did not augment the oxidation velocity of the ascorbic acid- 
ascorbic acid oxidase system. 


zyme ¢ 
produc 
reduct 
systen 
transit 
toxine 


tatala 


Cc. L. GEMMILL 753 


DISCUSSION 
nad a —" , ; . , 
tj In their discussion of the action of ascorbic acid oxidase, Powers and 


finite Dawson (3) point out that the enzymatic oxidation of ascorbic acid by 
purified ascorbic acid oxidase is characterized by inactivation of the en- 
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Fig. 4. The effect of thyroxine on the cupric chloride-induced oxidation of as- 
sorbic acid. Curve I, control curve without thyroxine (V) and with 8.8 y of sodium 
hyroxinate (X); Curve II, with 17.6 y of sodium thyroxinate (O); Curve III, with 
4.4 y of sodium thyroxinate (A). In each vessel there were 1.4 ml. of 0.1 mM phos- 
phate at pH 7.28 and 0.2 ml. of 3.2 gm. of ascorbic acid in 100 ml. of the same buffer 

yresent solution in the side arm; also 0.2 ml. of 0.00008 m CuCl. in each vessel. X, 0.4 ml. 
tion of vessel; ©, 0.8 ml. and A 1.2 ml. of 2.2 mg. of sodium thyroxinate in 100 ml. of 
s witho91 » NaOH. In the control vessel (V), there were placed 1.2 ml. of 0.001 nN 
taken NaOH. X, 0.8 ml. of 0.001 n NaOH was added; O, 0.4 ml. of the same solution to 
‘ithout make total volume 3.0 ml. 

Fic. 5. Effect of varying amounts of CuCls on ascorbic acid oxidation. Curve 

I, effect of 0.2 ml. of 0.00008 m CuCl2; Curve II, effect of 0.1 ml. of 0.00008 m CuCl; 
moles Ourve III, control with no CuCl: added to solutions. In each vessel there were 
oride. placed 1.4 ml. of 0.1 m phosphate buffer at pH 7.28, 1.2 ml. of 0.001 n NaOH, and 0.2 
1s noteil. of 3.2 gm. of ascorbic acid made up to 100 ml. with the same buffer in the side 
am. ©, 0.1 ml. of phosphate buffer; O, 0.2 ml. of the same buffer was added to 


me make the final volume in each vessel 3 ml. 


| we zyme during the course of the reaction. This inactivation is not due to the 
ct on 


_, production of hydrogen peroxide but to the formation of an oxidation- 
© acl eduction form of oxygen. The addition of catalase or peroxidase to the 
either system protects the oxidase against inactivation by combining with this 
wed transitory form of oxygen. It would be interesting to speculate that thy- 
‘alas: xine has a similar ability. In fact, it would have a superior ability to 
’ ACKvatalase or peroxidase, for these enzymes did not alter the initial rate of 
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the reaction in Powers and Dawson’s experiments. In the experiment 
with thyroxine, there is a definite increase not only in the rate of oxidatio, 
during the 20 or 30 minute period but also in the initial velocity. Hoy, 
ever, this activity does not persist because the thyroxine-stimulated sys 
tem became inactivated usually before the control. This effect is dud 
probably to enzyme inactivation, for there was sufficient substrate presen 
to continue the oxidation over this level. It would be of interest to con 
jecture that thyroxine may act in a similar fashion in animal tissues 
namely, as an accelerator of an oxidase by possible removal of labile oxy 
gen from a system which otherwise would be inhibitory to that system 
A search is now being made for a copper protein which accelerates the 
oxidation of ascorbic acid and is thyroxine-sensitive in animal tissues. 
In the experiments reported above on the thyroxine inhibition of th 
cupric ion-catalyzed oxidation of ascorbic acid, there is a definite relation 
ship between thyroxine and the decrease in oxidation. The first assump 
tion to be made is that thyroxine is combining with and removing the cop 
per from this oxidative process. It is of interest that the reaction of coppe 
with thyroxine may be studied by using the rate of ascorbic acid oxidatio: 
as a velocity measurement and this method might be developed into ai 
assay method for thyroxine. Although this reaction produces hydrogel 
peroxide, it is difficult to see how thyroxine might enter into the peroxid 
mechanism to produce an inhibition of the oxidation of ascorbic acid. 


The author wishes to thank Dr. C. R. Bauer and Dr. M. J. Lover fo 
their many suggestions concerning the possible chemical reactivity 


thyroxine. He also wishes to thank Dr. Charles R. Dawson for his gener, 


ous gift of ascorbic acid oxidase. 


SUMMARY 


1. Sodium pi-thyroxinate accelerates the oxygen uptake of the ascorbit 
acid-ascorbie acid oxidase system. 


2. Sodium pi-thyroxinate inhibits the oxygen uptake of the cupric chlo. 


ride-ascorbic acid system. 


Addendum—Since submission of this paper, samples of 3,5-diiodothyronine an 
thyronine were obtained and used in these reactions. 3,5-Diiodothyronine gave! 
slight stimulation of the ascorbic acid-ascorbic acid oxidase system and a siligh 
inhibition of the cupric chloride-ascorbic acid system. These changes were mino 


as compared to the effects of thyroxine in similar concentrations. Thyronine had 


no effect on either system. 
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THE t-AMINO ACID OXIDASE OF NEUROSPORA* 


By PHILIP S. THAYER{ anp N. H. HOROWITZ 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, June 2, 1951) 


In 1944 one of us described a p-amino acid oxidase in extracts of Neuro- 
spora crassa (1). Except for slight activity against L-glutamate, no oxi- 
dation of L-amino acids was observed. Recently a means for inducing 
the formation of a soluble L-amino acid oxidase by the mold was reported 
by Bender, Krebs, and Horowitz (2). This is accomplished by reducing 
the biotin content of the basal medium (3) from the 5 y per liter usually 
employed to 0.25 y per liter. When cultured in such a medium, Neurospora 
produces an active L-amino acid oxidase which can be demonstrated both 
inextracts and in the medium. Reduction of the biotin level produces no 
effect on the D-amino acid oxidase, which is still found in extracts but not 
in the culture medium. The activity of the L-oxidase toward thirty- 
eight amino acids has been investigated by Bender and Krebs (4). 

The initial purpose of the present investigation was to explore certain 
possibilities for a genetic study of the enzyme. Of special interest was the 
fact, cited by Bender et al. (2), that the oxidase could not be detected in 
ill of the wild type strains tested. The question arose as to whether this 
due to the genetic inability of certain strains to form the enzyme. In 
connection with the investigation of this problem a general survey of the 
properties of the enzyme was carried out, together with a preliminary 
study of the mechanism of the biotin effect and of the adaptive formation 
ofthe enzyme. The results of these studies are reported below. 

Simultaneously with our investigation and independently of it, Dr. 
K. Burton (5), working in Professor Krebs’ laboratory, has carried out a 
study of the Neurospora t-amino acid oxidase. Where our respective 
tudies overlap mutual confirmation was obtained in most essential points. 
We wish to thank Dr. Burton for permission to read his manuscript before 
publication. 


Materials and Methods 


Cultwres—The strains of N. crassa used in these experiments include the 
illowing wild types: 4A, 1A, 25a, 8a, 12a, Em-5256A, Em-5297a, Lin- 


*These studies were aided by a contract between the Office of Naval Research, 
United States Navy Department, and the California Institute of Technology (NR- 
16-4010). 

t Predoctoral Research Fellow of the National Institutes of Health, United 
States Public Health Service, 1949-51. 
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degren-a, and Abbot-a. They were maintained on slants of the complet, 
medium described by Horowitz (3). Cultures to be used for the prepar. — 
ation of extracts were grown for 5 to 12 days in 500 ml. of minimal mediun entrifu 
(3) in Fernbach flasks, or in 200 ml. in 750 ml. Erlenmeyer flasks. 1, ight a 
obtain the enzyme from the medium, the mold was grown in smalle 
volumes (200 ml. per Fernbach flask) for at least 21 days. In either cay 
the biotin content of the medium was limited as noted above. Growth} Stotcl 
experiments were carried out in 125 ml. Erlenmeyer flasks containing 2}! oxye 
ml. of medium. All cultures were grown at 25°. made. 
Preparation of Enzyme—u-Amino acid oxidase from the culture mediunfile Co 
was prepared by filtering the medium from 3 to 4 week-old cultures through method 
Whatman No. 1 paper, chilling the clear filtrate in an ice bath, and adding. It i 
solid ammonium sulfate to 0.8 saturation. The precipitate, containing thd! mole 
enzyme, was centrifuged and resuspended in 5 ml. of water or buffer fopilanine 
each 300 ml. of the original filtrate. Such preparations were used wit) 
or without previous dialysis against cold M/60 phosphate at pH 6. Dialysis 
slightly increases the activity. The concentrated preparations were store( 
frozen at —20°. Undialyzed preparations retain their activity for several, ; 
months, whereas after dialysis a noticeable decrease in activity occun} 
within a few weeks. vous 
To obtain active extracts, mycelial pads were washed with water o1 
a Biichner funnel and ground with sand and 2 ml. of cold m/60 buffer per 
gm. of fresh weight of mycelium. After centrifugation, 0.25 volume o! 
0.2 m buffer was added to the supernatant, and this was used directly. Ii 
some experiments the supernatant was first treated with ammonium sulfat 
at 0.8 saturation and the precipitated enzyme resuspended in m/15 buffer 
before use. 
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Unless otherwise noted, enzyme precipitated from the medium was used 
in the experiments. This preparation is considerably purer than that ob- 
tained by extraction of the cells and shows neither the background oxygei 
uptake nor the initial lag in L-amino acid oxidase activity which is observed 
in extracts. 


Determinations of enzyme activity were made in the Warburg apparatus 
at 30°. 0.25 ml. of enzyme concentrated from the medium plus 1.7) 
ml. of M/15 buffer (pH 6 unless otherwise noted) was used per vessel 
When extracts were tested, 2 ml. of the crude or purified extract were 
used in each vessel. The side arm contained 0.25 ml. of substrate M/3l 
with respect to the L isomer. Alkali was used in the center well, and the 
atmosphere was oxygen. 

When activity is expressed as QO», this represents microliters of Oz» pel 
hour per mg. of protein. Protein was determined gravimetrically afte 
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eh immersion of the solution in boiling water for 3 minutes, followed by chilling, 
repar: 


edi ntrifugation, and washing. The washed precipitates were dried over- 
Z night at 90° in tared beakers. 


maller 
T Case 
rowth} Stoichiometry—With L-alanine as substrate, simultaneous determinations 
ing 2ijof oxygen consumption and of ammonia and pyruvate production were 

made. Ammonia was determined by nesslerization after distillation by 
ediunfthe Conway-Byrne technique. Pyruvate was measured by the ‘‘direct 
roughpethod”” of Friedemann and Haugen (6). The results are shown in Table 
dding!. It is seen that in the over-all reaction 1 atom of oxygen is consumed and 
ng thf! molecule each of ammonia and pyruvate is produced per molecule of 
‘er fgfalanine oxidized. As noted previously (2), the preparations contain cata- 
1 with 
lalysis 
storet 


Properties of Enzyme 


TaBLeE I 
Oxidation of u-Alanine; Stoichiometric Relations 


; Each vessel contained 0.25 ml. of m/30 L-alanine, 0.5 ml. of dialyzed enzyme, and 
€VeTa}) 5 ml. of M/15 phosphate buffer, pH 6. 














occuny —_———— 
Vessel No. Oz Consumed | Pyruvate produced Ammonia produced 
ter Ol pl. uM y uM uM per uM Oz 7 N uM uM per uM Oz 
er pel 1 83 3.7 680 ecb 2.08 122 .| -$.7 2.35 
er 92 | 4.1 | 750 | 8.5 2.07 18 | 8.4 2.04 
, th 3 91 4.1 705 8.0 1.95 114 8.1 1.97 
sulfatd Mean... 2.03 2.12 
O55 87 id |. aS eee ne eS eee hides 
Juse; thus hydrogen peroxide does not accumulate. That peroxide is 
Ss used ae aea . +) : 
ca produced, however, is indicated by the fact that the addition of ethanol to 
at OD- . ° ‘a ‘ ” 
the reaction mixture causes an increase in the oxygen uptake (7). In two 
xygell 


weh experiments, with L-leucine as substrate, the oxygen uptake was, 
respectively, 1.33 and 1.64 atoms per molecule oxidized. No oxidation of 
ethanol occurred in the absence of an amino acid substrate. 

pH Optima-—The effect! of pH on the activity of the oxidase was de- 
aratut irmined in the range pH 5.6 to 7.6 with phosphate buffers. Data obtained 
175 with five different substrates are presented in Fig. 1. In the case of 
mithine, the oxidation rate is only slightly affected by pH changes in the 
were} Mage studied, whereas with glutamate an optimum occurs at pH 6.8. 
om /30 \xidation of monoaminomonocarboxylic acids is also strongly pH-de- 
id the kadent, with optima at pH 7.2 or higher. These results indicate that 
the state of ionization of the substrate is important for activity, a sup- 
Os pet bosition which is strengthened by the observation that esterification of the 
- after wrboxyl group of histidine abolishes its reactivity (Table [11). 
Except when stated otherwise, our experiments were carried out at 
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pH 6.0. This pH approximates that of freshly prepared Newrospon 
extracts. 60F 
Enzyme and Substrate Concentration Effects—The initial rate of oxidatio 
is linear with respect to enzyme concentration (Fig. 2). 50 
When the rate of oxidation is plotted against substrate concentration, a r 
optimal concentration is observed (Fig. 2). A similar phenomenon hai ‘ 
been reported for the L-amino acid oxidase of snake venoms (8, 9). Thy 240 - 
Cc 
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Fig. 1. Effect of pH on activity of Neurospora u-oxidase. The ordinates ar} 
relative rates based on leucine at pH 6 as 100. Curve A, t-leucine; Curve B, i 
phenylalanine; Curve C, pu-ornithine; Curve D, t-methionine; and Curve E, 1 
glutamate. 9 


Neurospora system further resembles that of snake venom (8) in showing} 3 
interference between two substrates added to the enzyme simultaneously 
In Table II are presented initial oxidation rates of a number of amino acids 
tested singly and in pairs. It is seen that the less rapidly oxidized amin 
acids inhibit the oxidation of the more rapidly oxidized ones. This resuli]  , 
is most simply interpreted on the basis of competition between the sub: 
strates for the enzyme surface. It was previously demonstrated that 
isovaline (a-methyl-a-amino-n-butyric acid) competitively inhibits the 
oxidation of methionine by the p-amino acid oxidase of Neurospora (1) 
Oxygen Effect—An increase in enzymatic activity of 3- to 6-fold (averag' 
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Fig. 2. Enzyme and substrate concentration curves. Left, serial dilutions of 
ezyme in 0.044 m phosphate, pH 6.0; substrate, L-canavanine. Right, substrate 
dilutions. Curve A, xL-leucine in 0.053 m pyrophosphate, pH 8.5; Curve B, t-cana- 


tine in 0.052 m phosphate, pH 6. 


TaB_e II 
Competition between Mixed Substrates 





) 





a "a | pH | Substrate | Pct 

| | Ist 10 min. 
| ak 
tes art 7.6 M/300 pu-isovaline | 0 
z B, : m/600 L-phenylalanine | 42 
 E, & mM /600 - + m/24 pL-isovaline | 30 
2 5.6 M/600 L-lysine 42 
‘ | m/600 * + m/24 pi-isovaline 19 
LOWIMET = 3 GO: | M/540 L-arginine oi 
ously m/270 : 20* 
) acids m/540 L-lysine 30* 
amin M/270 8 _ 15* 
au M/540 + M/540 L-arginine i 
Ton tg i OOF 4) M/665 L-canavanine 27 
e sub: M/665 4 + m/300 L-glutamate 21 
1 that M/665 as + m/300 L-aspartate 20 
ts the M/665 i + M/300 L-methionine 10 
ra (1), oM/665 " + m/300 L-lysine 5 

veragt *0O, consumed in 20 minutes. 
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5-fold) is observed when the tests are carried out in oxygen as compared fi2028 t 
air. A similar effect has been reported for the L-amino acid oxidase ie have 
moccasin venom in a recent paper by Singer and Kearney (9). Crude 

Specificity—As noted previously (4), the enzyme attacks only L-amippiigt bat 
acids. In Table III are shown the relative rates of oxidation of thirty cultures 
three amino acids, based on t-leucine as 100. The QO, of leucine varief™st@n 
in different experiments from 245 to 375, with a mean of 320. Correctiy 
for the variation in absolute activity among different enzyme preparation 
was made by standardizing each preparation on L-leucine. All ra 

The relative reactivities of the amino acids shown in Table III diffdiy all ca 
somewhat from those reported by Bender and Krebs (4), particularly jjpH 6.0. 
the cases of histidine, lysine, and ornithine. These and other differen 
are undoubtedly due, for the most part, to the fact that we have worke 
at pH 6, whereas the Sheffield workers made their measurements at pl 


|-Histic 


8.4. The basic amino acids are nearer their optima at the lower pH, whil}. a, 
the reverse is true for monoaminomonocarboxylic acids. Cana’ 


As observed above, the reaction consumes 1 atom of oxygen per mole ({:-Tyro: 
substrate. The following exceptions to this rule were noted: tyrosine | 
glutamine, cystathionine, ornithine, and canavanine. (Because of thei w-Orn: 
slow rates of reaction, the oxidations of glutamate, alanine, isoleucing. py. 
valine, and diaminobutyric acid were not run to completion.) Tyrosin§,Leuc 
consumes in excess of the theoretical value (>1.8 atoms when the reactioi}i-Phen 
was stopped), a fact also noted by Bender and Krebs (4). The solutioi}%-e-A 
turns red and then black in the course of the reaction, indicating thi oe 
presence of tyrosinase in the enzyme preparation. Glutamine consume ee 
only 0.83 atom of oxygen, suggesting that the amide may have beeif),.cit 
partially hydrolyzed to the slow reacting acid. 1-Cystathionine, contain] :-Glut 
ing two reactive amino groups, took up 1.3 atoms instead of the expectei}-No 
2 atoms, while canavanine and ornithine consumed, in numerous trials} "CYS 
0.8 to 0.9 and 0.75 to 0.85 atom, respectively. Partial oxidation (0 tad 
atom) of ornithine was also obtained by Bender and Krebs. The following *f 
compounds were not attacked at a measurable rate: glycine, pi-serine{ tC 
pL-threonine, L-proline, L-aspartate, DL-isovaline (a-amino-a-methyl-n-bu: 


tyric acid), pi-lactate, and L-histidine methyl ester. 
stan 
Production of Enzyme decli 


Strain Differences—The results of Bender et al. (2) had indicated that ad fa 
under identical conditions some wild type strains of Neurospora produce| 
only a p-amino acid oxidase, some only an L-amino acid oxidase, while| 
others form both enzymes. Further investigation, described below, has rest! 
shown that, while quantitative differences probably exist among the strains| ““® 
with respect to production of the enzymes, there is no absolute difference outs 
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ynong them, and both oxidases can be demonstrated in every strain which 
ye have tested. 

Crude extracts of Neurospora cultured in a low biotin medium show a 
tigh background rate of oxidation as compared to extracts prepared from 
witures grown in the standard medium. This oxidation may remain 
onstant in rate for periods of time varying from a few minutes to several 


Tase III 
Rates of Oxidation of t-Amino Acids by Neurospora L-Oxidase 
All rates are expressed relative to L-leucine as 100. 1L isomer concentration m/270 


inall cases except L-cystine (m/540). Oxygen uptake measured in first 10 minutes; 
pH 6.0. 








Substrate | pe 2 | Substrate | aaiving 

—o | ari 

Histidine 140 | L-Methionine | 53 
pi-a-Amino-n-butyric acid 134 | L-Tryptophan 43 
-Canavanine 125 | L-Lysine | 40 
-Tyrosine | 122" | pL-a-Amino-e-hydroxy-n- | 38 

|  caproic acidt 
n-Ornithine | 106 | L-a,y-Diaminobutyric 35 
| | acid | 

o-Phenylalanine | 106 | p-Alanine 32 
i-Leucine | 100 | L-Glutamie acid | 24 
Phenylalanine | 99 | t-Valine | 19 
i-a-Aminoadipic acidt 96 | pL-Isoleucine | 18 
Cysteine | 85 | Glycine | 0 
Cystine | 81 | pL-Serine | 0 
Dl-a-Amino-n-valeric acid | 80 | pt-Threonine | 0 
o-Citrulline | 79 | L-Proline | 0 
Glutamine | 64 | pL-Aspartic acid | 0 
oL-Norleucine | 61 | pi-Isovaline | 0 
i-Cystathionine | 58 | t-Histidine methy] ester 0 
i-Arginine 56 | pi-Lactie acid 0 





* Includes tyrosinase activity (see the text). 
+ Compound furnished through the courtesy of Mr. Norman Good. 


hours before it diminishes. If an L-amino acid is added during the con- 
stant period, no increase in the rate of oxidation is observed, but the 
decline in rate is postponed. If, however, the background rate is allowed 
to fall off somewhat before the amino acid is added, then an immediate 
increase in oxygen uptake is obtained (Fig. 3). In either case, an extra 
quantity of oxygen is consumed equivalent to the substrate added. These 
results suggest that the background oxygen consumption of the extracts is 
due chiefly to the oxidation of endogenous L-amino acids which, at the 
outset, saturate the system so that further addition of L-amino acids is 
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without effect on the oxidation rate. This conclusion is supported by the} chroma: 


following evidence: (1) Neurospora extracts contain 8 to 35 un of free amin 


TaBLe IV 
Effect of Various Cultural Conditions on Activity of L-Oxidase 
All experiments were performed with 2 ml. of enzyme solution and 0.25 ml, ¢ 
M/30 u-leucine as substrate. The enzyme was prepared by precipitation fron 
extracts. Oxygen consumption was measured in the first 10 minute period afte 
mixing. 





| | Activity 








Experi- | pH of | a 
ment | Culture medium | Age | eee per 
No. | | mixture /¢_ oy ia Per mg, 
| collin protein 
| days wl. per hr.| wl. per by 
1 Minimal, high biotin ¢ 7 | 385 1,2 
| a low “ | 128 5.6 
2 | N-free minimal, high biotin + 0.525% 7 | 6 | 11 | 04 
|  (NH4)2SO,4 | 
N-free minimal, high biotin + 0.25% | 50 | 29 
(NH,)2S0,4 
3 Minimal, low biotin 7 6 48 1,2 
= ” “+ 0.1% casein hydroly- 373 8.8 
sate* | 
Minimal, low biotin + 0.25% casein hydroly- 372 10.7 
sate 
Minimal, low biotin + 0.5% casein hydroly- 614 | 12.1 
sate 
4 Minimal, low biotin 9 6 43 | 
se s “ + 0.1% casein hydroly- 80 | 
sate | 
Minimal, a biotin + 0.15% i-glutamate 40 
a “ + 0.01% u-leucine 32 
«“ “ © 1O15% « 138 
5 “ we 5 6 34 | 2.2 
es <¢ “+ 0.15% t-leucine | 188 | 7.3 
“ “  « 4 0.195% -lysine HCI | 330 | 16.8 
6 N-free arene low biotin + 0.42% NH,Cl 45 | 3.7 
¢ a “+ 0.28% “+ 333 32.8 
0.24% casein hydrolysate | 5 Sal 





| N-free minimal, low biotin + 0.14% NH,Cl +) 
0.48% casein hydrolysate | | 

N-free minimal, low biotin + 0.72% casein hy- | | 635 47.2 
drolysate | 


420 37.6 


* “Vitamin-free”’ casein hydrolysate, Nutritional Biochemicals Corporation. 
acids per gm. of fresh mycelium, as determined by the colorimetric nin 
hydrin method (10). The presence of alanine, methionine (or valine), the 
leucines (or phenylalanine), and others has been demonstrated by pape! 
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dromatography. (See also Fling and Horowitz (11).) (2) Extracts which 
lave been purified by ammonium sulfate precipitation or dialysis show 
immediate oxidation of added L-amino acids with little or no background 
wxygen consumption. (3) If, to a boiled low biotin extract, some highly 
yctive L-oxidase precipitated from the culture medium is added, a quantity 
of oxygen is consumed which approximates that consumed by the crude 
wnboiled extract. (4) The addition of a p-amino acid to crude extracts 


500Fr 
ai 
400F 8 rn ? 
Yai ea D 
x a 


300F 


(ul.) 
% 
\ \ 


200F 


100 ; Wi 


60 120 180 240 
Time (minutes) 

Fig. 8. Effect of immediate and delayed addition of amino acids on O2 uptake 
ofa crude extract. Curve A, p-methionine added at time zero; Curve B, u-phenyl- 
ilanine added at time zero; Curve C, u-phenylalanine added at 132 minutes (arrow); 
Curve D, endogenous control, no substrate added. pH 8.0. 
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during the constant phase of the endogenous respiration results in an im- 
mediate increase in the oxidation rate (Fig. 3). 

With the above facts in mind, a reinvestigation was made of strains which, 
on the basis of the earlier tests, had appeared to be devoid of the L-oxidase. 
In every case it was found that the enzyme is easily demonstrated after 
the background oxidation enters the diminishing phase. At the same 
time, it was found that the enzyme could be detected in the medium (low 
biotin) of all tested strains if the enzyme is concentrated by precipitation 
and resuspension in a smaller volume as described above. 

The question of the non-occurrence of the D-amino acid oxidase in certain 
strains has also been reinvestigated by us and by Dr. K. Burton in Pro- 
fessor H. A. Krebs’ laboratory. Burton has found that the p-oxidase is 
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demonstrable in all the strains examined if the tests are carried out 
young cultures, but that it disappears from old cultures ((5) and persong| 
communication from H. A. Krebs). Our results are in agreement with 
this finding and show that the enzyme is regularly present in 7 to 10 day. 
old cultures of the various strains used. It is thus very likely that th 
previously reported failure to find the p-oxidase in certain strains was du 
to the ages of the cultures used. 

Biotin Effect—Preliminary experiments have been carried out to eluc. 
date the mechanism of the biotin effect on L-oxidase production. It wa 
first of interest to determine whether growth of the mold is actually limite) 
by biotin in the low biotin medium. Growth of wild type strain 8a wa 
therefore determined as a function of the biotin concentration, growth 
being measured after 72 hours at 25°. It was found that the growth curvy 
rises steeply as the biotin concentration increases, reaching a plateau in the 
neighborhood of 0.5 y of biotin per liter. Beyond this point, further ad. 
dition of biotin up to at least 2 y per liter had no effect on growth. At 
a concentration of 0.25 y per liter (the concentration of biotin in the 
“low biotin” medium) growth was 85 per cent of maximal. In experi 
ments with other strains in which growth at a biotin concentration 0 
0.25 y per liter was compared with that at 5 y per liter, it was found thai 
growth is frequently maximal at the lower concentration, even for growth 
periods as long as 2 weeks. It is concluded that 0.25 y of biotin per lite 
is neither much in excess of the requirement for normal growth nor is it 
seriously limiting. It can be described as marginal. This is in essential 
agreement with previous work on the biotin requirement of Newrospor 
by Ryan, Beadle, and Tatum (12) and by Hodson (13). 

It was desirable to learn whether cultures grown in the standard high 
biotin medium are actually devoid of measurable L-oxidase activity, ot 
whether the failure to demonstrate it in extracts of such cultures is the 
result of dilution, fractionation, or the masking effect of endogenous amino 
acids described in the previous section. Extracts of high biotin cultures 
were therefore purified by precipitation in 0.8 saturated ammonium sulfate 
and by dialysis. Such preparations showed a low and _ variable, but 
significant, L-oxidase activity (Table IV). At the same time, the washed, 
insoluble residue resulting from the extraction was tested and was also 
found to exhibit a small activity. It is not known whether this activity 
is due to particle-bound enzyme or to enzyme contained in intact cells 
in the residue. It is evident that even at high biotin levels Neurospora 
is not completely devoid of L-amino acid oxidase. 

On the assumption that the enzyme is a flavoprotein (see Burton (5)), 
we have investigated the possibility that biotin controls production of the 
enzyme by participating in a system which destroys riboflavin. If this 
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were the case, it might be expected that addition of riboflavin to the 
medium would have an effect on L-oxidase formation similar to that ob- 
tained by reduction of the biotin content. No effect on L-oxidase produc- 
tion was found, however, in experiments in which the mold was grown on 
both standard and biotin-deficient media supplemented with 0.5 to 10 
mg. of riboflavin per liter. The addition of a boiled L-oxidase preparation 
io high biotin extracts did not increase their activity toward L-amino acids. 

Another series of experiments was designed to ascertain whether limiting 
gowth by reducing the concentration of other constituents of the medium 
influences L-oxidase formation. Tests were carried out with sulfur- and 
uitrogen-deficient media. No effect was found in sulfur-deficient media, 
but an effect comparable to that obtained by limiting biotin was obtained 
by growing the organism in a nitrogen-deficient medium. In the sulfur 
experiment a mutant, No. 85518, which is unable to reduce sulfate, but 
which grows readily when supplied thiosulfate, was employed. No in- 
crease in L-oxidase activity was detected in extracts of this strain grown on 
a limiting concentration of thiosulfate (0.75 X 10-*m). In the nitrogen 
experiment a wild type was used. It was grown for 6 days in high biotin 
media containing 0.53 and 1.11 gm. of ammonium nitrogen per liter. 
Growth is limited only slightly at the former concentration, while the lat- 
ter supplies an amount of nitrogen equal to that in the standard minimal 
medium. Determinations of L-oxidase activity in extracts showed 4 to 
7 times more activity in the low N culture than in the control (Table IV). 
The nitrogen effect has not been obtained consistently and is being in- 
vestigated further. 

Adaptive Formation of u-Oxidase—Even higher activities were obtained 
when casein hydrolysate was added to low biotin medium containing the 
usual amounts of ammonia and nitrate, or when casein hydrolysate was 
substituted for part or all of the inorganic nitrogen (Table IV). 

To determine whether this adaptive effect is due to any particular amino 
acid, leucine, lysine, and glutamic acid were added singly to low biotin 
minimal medium which was then used for culture of the organism. The 
results (Table IV) show that the first two, which are good substrates for the 
enzyme, reproduce the effect of casein hydrolysate, while glutamic acid, the 
major amino acid of casein but a poor substrate for the enzyme, does not. 
It is concluded that the adaptive response is probably elicited by any 
amino acid which is readily attacked by the enzyme. It is of interest to 
note that the leucine- and lysine-induced enzymes showed no differences 
in their respective activities toward leucine and lysine. 

It is significant that adaptive production of the enzyme does not occur 
ina high biotin medium, even when casein hydrolysate is the sole source 
of nitrogen. 
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DISCUSSION 


The data presented above show that wild type N. crassa produces ay 
L-amino acid oxidase, part of which is soluble and part of which may be 
bound to the insoluble constituents of the cell. The amount of enzyme 
in the cells depends on cultural conditions and probably also on the in. 
herent properties of the strain, but no strain we have tested is devoid of 
the enzyme. 

Quantitative estimation of the oxidase in extracts requires that the latter 
first be freed of amino acids which are present in the extracts of both high 
and low biotin cultures and which partially or completely saturate the 
enzyme. In extracts with a relatively high L-oxidase content the enzy- 
matic activity itself soon lowers the endogenous amino acid concentration 
to a point at which the addition of an exogenous amino acid results in an 
immediate increase in oxidation rate. In extracts of low activity, this 
may require several hours or may never be realized in practice. In the 
latter case it is necessary to purify the extract by precipitation or by 
dialysis, in order to demonstrate the presence of the enzyme. The masking 
effect of endogenous amino acids, together with the interference effect 
described above, accounts for the previous failure to demonstrate the 
enzyme in crude extracts of certain strains and is responsible for the lag 
in L-oxidase activity which is observed in such preparations. 

L-Oxidase activity is increased 4- to 10-fold in extracts of cultures which 
have been grown on a marginal biotin supply and is further increased by 
the addition of amino acids to marginal biotin medium. ‘The interrela- 
tionship of the various factors controlling L-oxidase production is not yet 
understood, but a connection between biotin and nitrogen metabolism 
and between biotin and adaptive enzyme formation may be inferred. It 
was observed a number of years ago by Winzler, Burk, and du Vigneaud 
(14) that biotin is necessary for the rapid absorption of ammonia by yeast. 
There is therefore reason for believing that biotin limitation may to some 
extent be equivalent in metabolism to nitrogen limitation. In several 
experiments we have found an apparent increase in L-oxidase activity in 
cultures grown on nitrogen-deficient media. However, the variable occur- 
rence of this response requires clarification. It is of interest to note the 
finding by Nason, Kaplan, and Colowick (15, 16) that the concentration 
of another enzyme, diphosphopyridine nucleotidase, also increases in Neuro- 
spora under biotin or nitrogen deficiency, and under zine deficiency as well 
Also of interest is the finding by Blanchard et al. (17) that biotin is needed 
for the adaptive formation of the “malic” 
nOsus. 


enzyme of Lactobacillus arabi- 


Our results indicate that L-amino acid oxidase production in Neuwrosport 
may be an adaptive process similar to adaptive enzyme formation in other 
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microorganisms, and, further, that the adaptation is prevented when an 
excess of biotin is present in the medium. On this basis, the increased 
production of the enzyme under conditions of limited biotin supply can be 
accounted for by the hypothesis that under these conditions adaptation 
occurs toward endogenous amino acids. 


SUMMARY 


Neurospora crassa produces an L-amino acid oxidase which oxidatively 
deaminates a large number of L-amino acids to the corresponding keto 
acids and ammonia. Production of the enzyme is greatly increased by 
culturing the organisms on media containing a marginal supply of biotin. 
If amino acids are added to a low biotin medium, a further increase in 
enzyme production is elicited. This response does not occur in a high 
biotin medium. These results suggest a connection between biotin, nitro- 
gen metabolism, and adaptive enzyme formation. 

The enzyme is 3 to 6 times more active in oxygen than in air. The pH 
optimum varies with the amino acid used as substrate. The enzyme is 
inhibited at high substrate concentrations, and the simultaneous addition 
of two amino acids results in an interference effect. 

By taking certain precautions the presence of both the L- and the p- 
amino acid oxidases has been demonstrated in all of the strains of Newro- 
spora tested. 
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DETERMINATION OF TOTAL CARBON AND ITS 
RADIOACTIVITY* 


By DONALD D. VAN SLYKE, ROBERT STEELE, anp JOHN PLAZIN 


From the Departments of Biology and Medicine, Brookhaven National Laboratory, 
Upton, New York) 


(Received for publication, April 7, 1951) 


The rapid wet combustion method for total carbon, with manometric 
measurement of evolved COs, described by Van Slyke and Folch (1), is 
combined with two procedures for measurement of the radioactivity of the 
(0). In the first procedure the CO., after manometric measurement, is 
transferred to a tube of Ba(OH), solution attached to the Van Slyke-Neill 
manometric chamber, the rapid shaking of which (300 to 400 oscillations 
per minute) results in precipitation of BaCO; in a uniform state adapted 
for transfer to a disk for use with a counter. In the second procedure the 


‘C0. is transferred to the gas phase proportional counter of Bernstein and 


Ballentine (2) for activity measurement in gas form. With either pro- 
cedure, combustion, manometric measurement, and transfer can be accom- 
plished in about 15 minutes. 

It has been established that the manometric apparatus, when washed 
out as usual with water after analysis of a C“ sample, does not carry over 
a significant amount of activity to a subsequent carbon sample, even 
though the first sample contains up to as much as 100 times the C™ activity 
of the second. 

Of the two methods of activity measurement mentioned, the BaCQ; pro- 
cedure requires less equipment, but the gas counter has several advantages. 
|) Only a single transfer, that of CO. directly from the manometric cham- 
ber to the gas counter tube is needed, whereas the solid counting procedure 
requires two transfers, one of COQ. to the Ba(OH). solution, and one of 
precipitated BaCOs to the disk of the counting apparatus. (2) With the 
gas counter, no weighings are required. With the BaCOs; counter the 
amount of BaCOs transferred to the disk must be determined by weigh- 
ing the disk before and after the transfer, in order to estimate the 
“infinite thickness” correction factor for self-absorption. The difficulty of 
quantitative transfer prevents calculating the transferred BaCOs; from the 
total carbon determined. (3) The useful range of sample size is greater 
With the gas counter. With our BaCOs; counter, samples containing less 

*This research was done under the auspices of the Atomic Energy Commission. 
\n abstract was published in the Quarterly Progress Report of the Brookhaven 
National Laboratory, June, 1950. 
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than 0.5 mg. of carbon lose counting accuracy because of irregularity in the} mercial 
self-absorption correction for BaCO; layer thickness; increasing the size gf disk is 


the sample taken for analysis above 2 mg. of carbon has no effect in com. 
pensating for low specific activity, because self-absorption prevents any 
increase in count with further increase in sample. With the gas counter 
over the entire range of the combustion method, from 0.1 to 15.0 mg. of 
carbon, the count is proportioned to sample size. (4) The gas counter 
affords, with all sizes of samples, measurements of lower specific activities 
with maximal samples the difference is of the order of 100-fold. 

Several investigators (3-7) have described methods in which the Van 
Slyke-Folch wet combustion mixture is used for determination of total 
carbon, followed by precipitation of the CO. as BaCO; for activity meas. 
urement. However, in none of these procedures was the quick and ae 
curate manometric procedure of Van Slyke and Folch (1) used for measure. 
ment of the total CO, obtained by the combustion. The procedures used 
for the total CO, were titration of the excess Ba(OH)2 or weighing the 
BaCO; precipitate. These are less rapid and convenient than the mano- 
metric measurement and are subject to small but significant positive erro 
from adsorption of Ba(OH). by the BaCOs; precipitate. This source of 
error is discussed by Sutton (8) and Kolthoff and Stenger (9). It appear 
to be particularly high when the BaCO; is precipitated by addition 0 
BaCl, to NaOH-Na,CO; solution. When the precipitation is by absorp 
tion of CO, in Ba(OH).-BaCl, solution, results in the present paper indi: 
cate that the error is of the order of +1.0 per cent. 


METHOD I. CARBON DETERMINATION FOLLOWED BY PRECIPITATION 
OF CO2 AS BACO3 FOR ACTIVITY MEASUREMENT 


Apparatus 


The apparatus described by Van Slyke and Folch (1) for carbon determin: 
tion is required, plus the following: 
A set of Pyrex tubes of about 25 ml. capacity (A, Fig. 1), with uniform 
ground glass joints to fit the connecting tube. The tubes are provided 
with an equal number of ground glass caps, shown to the left in Fig. 1. 
The connecting tube with cocks G and H (Fig. 1). The joints used are 
Pyrex 24/40 size. 
A container to hold air-free lactic acid over mercury. he container i 
Fig. 2, designed by Plazin, is made by fusing the upper parts to a 50 ni. 
Pyrex Erlenmeyer flask. Other containers, somewhat easier to make bul 
less convenient to handle, are shown in Fig. 6 of Van Slyke and Neill (10) 
and described by Sendroy (11). 
Apparatus for Collecting BaCOs on Disks—The apparatus used in the 


present work is shown in Fig. 3. The disk C of Fig. 3 is made from a com 
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in thf mercially available item called a “sealing tube” with fritted disk.':? The 
size dif disk is of ““F” (fine) porosity and has a diameter of 20 mm. ‘The pores 
. com of the disk are filled with molten stearic acid by suction; then after cooling, 
's any} the sealing tube is cut off close to and parallel to the disk surface on both 
unter} sides with a glass saw. Grinding with coarse carborundum on a wheel is 
ng. cif followed by hand grinding on plate glass with fine carborundum until a 
punter! fat smooth surface across the fritted disk and the enclosing solid glass 
Vitis: 

~ 
e Van A 
* total 
meas- 
nd ae- 
AsUre: Hg 
S used 
ng the 
mano 
e error} 
rce oi] 
ppears 
ion off. Air-Free 
bsorp- vA Solution 
Yr ind: phen 
ON ——Hg 
—7" SOLUTION Rubber 
‘Hg . Ring 

: Fia. 1 Fia. 2 

dete Ce Apparatus for transfer of COz from manometric chamber to Ba(OH)s 
solution. 
niform, Fie. 2. Container for air-free lactic acid solution. 
ovided) . . , Ee : wn 
Fig. | ring is obtained on both upper and lower surfaces. 1 he stearic acid Is Te- 
wi a moved by boiling in chloroform and then, after suction drying, by boiling 
in about 2 per cent NaOH and in several subsequent portions of distilled 

— water. The last traces of alkali are then removed with dist illed water by 
50 ml suction. Each disk is dried at 110° and weighed before using. 
ke but} ! Corning Glass Works, catalogue No. 39570-20F, and Arthur H. Thomas, cata- 
II (10) logue No. 6089-L, 20F. 

?We are indebted to Dr. D. B. Anthony of the Biology Department, Oak Ridge 
; National Laboratory, and to Dr. R. C. Anderson of the Brookhaven National Labo- 
in thi ratory, Chemistry Department, for ideas regarding the use of sintered disks for 
& COM} sample counting. 
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The tubes for BaCO; filtration (A and F, Fig. 3) are ground with fine 
carborundum on the edges which are to adjoin the ground surfaces of the 
disks. Tube A of Fig. 3 has a bore smaller than the porous area of disk 
C. B of Fig. 3 is a closely fitting glass ring waxed to tube A. A light 
pencil point mark in the center of the upper surface of the disk helps iy 
centering the upper tube on the disk. The upper and lower tubes, with 
the disk between them, are pressed together by a pinch clamp of the type 
used for ball joints.’ 

It has been our practice to use the same upper tube (A, Fig. 3) for all 
BaCO; collections, so that BaCQ; circles of uniform area (1.80 sq. em. 
are obtained. The tube (A, Fig. 3), after each collection, is immersed in 
85 per cent lactic acid, then rinsed with water. However, if desired, ; 
number of tubes of identical internal diameter can be obtained by using 
precision bore tubing‘ and can be used interchangeably. The area over 
which BaCO; spreads is determined by measuring several internal diame. 
ters at the bottom of tube A (Fig. 3) with a micrometer. The dimensions 
of the lower tube (EF, Fig. 3) are not critical except that the internal diame. 
ter should be a little greater than the internal diameter of the upper tube 

Apparatus for Cleaning Disks—This is shown in Fig. 4. It is simila 
to the apparatus in Fig. 3, except for the dimensions of the tubes. Tub 
A’ is about 30 mm. high, and is of a bore wider than the 25 mm. outer 
diameter of the solid glass ring surrounding the porous area of the disk, s 
that the tube can fit down over the disk and sit directly on the ground top 
of tube E’. Tube £’ is of such internal diameter that when disk C is in 
position only the ring of solid glass at the perimeter of C rests on the wal! 
of E’. To remove BaCOQ; from a disk, it is placed on EK’ with the BaCQ 
facing downward, and a small amount of water is sucked through the disk 
into the filter flask in which D’ (Fig. 4) rests. The disk is then boiled in 
concentrated HNO; to remove remaining traces of BaCO;. The disk is 
returned to E’, washed with distilled water until free of HNOs, and dried 
in an oven at 110°. 

Sample-Holding Cup for Methane Flow Counter—Bernstein and Bal: 
Jentine (12) describe, for a flow counter, a sample-holding cup which works 
well with ammonium phosphomolybdate precipitates, but cannot be used 

with barium carbonate because of the tendency of the latter to creep up 
the side walls. In the arrangement shown in Fig. 5, the counter is iden 
tical with that described by Bernstein and Ballentine, but the sample 
holder is modified. 
The present arrangement is shown in Fig. 5. The BaCOs layer is de 
picted by the thick, solid line as it lies on disk C. Cup 7 is made from 
glass tubing of such size that it fits around the brass cathode of the counter 
* Arthur H. Thomas, catalogue No. 3241, size 28. 
* Fischer and Porter Company, Glo-Tech Glass Division, Hatboro, Pennsylvania 
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aud up against the rubber gasket at the top of the cathode. Cup E has a 
hole in its bottom large enough to clear the BaCO; sample resting on disk 
(. The lower cup, F, is made from glass tubing of such bore that cup E 
dips into it readily. The bottom of cup F contains a sponge rubber cush- 
ion, H, and a smooth surfaced soft rubber cushion, G, upon which disk C 
is placed in such a position that the BaCO; sample is centered in the hole 
in the bottom of cup HZ. A critical dimension in the mounting of a sam- 
ple is the distance from the upper surface of disk C to the sensitive volume 
of the counter. This distance is held constant, even though the several 
disks used vary in thickness, by the abutment of the ground upper surface 
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Fig. 3. Filtration assembly for transferring BaCQOs; to disk. 

Fig. 4. Apparatus for cleaning disks. 
of the periphery of disk C against the ground bottom surface, £’, of the 
cup E. These two ground surfaces form a seal which is sufficiently gas- 
tight for the flow counting. 


Reagents 


The reagents are those of Van Slyke and Folch (1) for ‘*miero”’ and 
“submicro”? combustions, with the following changes. 

The Cr“" of the combustion mixture is added with the KIO as solid 
KsCrsO;, as described by Van Slyke, Plazin, and Weisiger (13). 

The 5 ~ sodium hydroxide is not needed. 

The 2.» lactic acid is deaerated by extracting the air completely trom a 
portion of about 20 ml. in the Van Slyke-Neill chamber, and the extracted 
uris rejected. The extraction is repeated until no air bubble is visible 
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when the pressure in the manometric chamber is allowed to rise to at. 
mospheric. The Plazin container (Fig. 2) is filled with mercury froy 
the cock to the rubber-ringed tip of the outlet, which is then pressed inty 
the bottom of cup B (Fig. 1). The air-free lactic acid solution is they 
forced up into the container. The latter, when not in use, is kept with 
its tip immersed in a cup of mercury, so that air is not absorbed by the 
solution near the tip. 

In addition to the Van Slyke-Folch reagents, a solution is used of ap. 
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Fic. 5. Mounting device for disks with BaC“O;. See the text for description 
proximately 0.25 n Ba(OH)s, containing in addition 2 gm. of BaCl,- 2H 
per 100 ml. (14). The solution is kept in a reservoir attached to a stop- 
cock pipette delivering 2.5 ml., both reservoir and pipette being protected 
by soda lime tubes from atmospherie COs. 


Procedure 


Van Slyke and Folch (1) describe a “submicro” procedure for amounts 
of carbon less than 0.7 mg., a “micro” for 0.7 to 3.5 mg., and a “macro’ 
for amounts up to 15 mg. Since the 3.5 mg. limit of the “micro’’ pro- 
cedure corresponds to enough BaCO, for counting with a BaCOy layer 0 
“infinite thickness” (20 mg. per sq. em.) in counting apparatus ordinarily 
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ysed, With disks up to 2 em. diameter, only the procedures with the “‘sub- 
micro” and ‘‘micro”’ combustions will be described. The ‘“‘macro’’? com- 
bustion would provide enough BaCO; for layers of “‘infinite thickness” on 
disks of 4 em. diameter and would require 15 instead of 2.5 ml. of the 
Ba(OH)2-BaCl: solution. 

In the carbon determination forming part of the present Method I, 
the last step in the Van Slyke-Folch procedure has been modified. Be- 
fore the final ps reading these authors reabsorbed the CO, in the manomet- 
rie chamber by added NaOH solution. Small amounts of Ns, He, and Oz 
gases Were present in the same amounts before and after the reabsorption 
of the COs, and hence did not interfere with the accuracy of measuring 
Poo, a8 the difference in pressure before and after the reabsorption. In 
the present method it is necessary to remove the CO», not by reabsorption, 
but by transfer from the manometric chamber to another vessel, and, if 
N:, Oo, or Hy were mixed with the transferred CO., the decrease in pres- 
sure would be greater than that due to removal of CO, only. Hence the 
procedure has been modified so that no gases other than CO, and water 


| Vapor are present at the readings of both p; and po. Whatever such gases 


are dissolved with the CO, in the alkali-hydrazine solution at the end of 
the combustion are extracted and ejected before the CO, is set free by 
acid for measurement, and the lactic acid solution used for freeing the CO, 
is made air-free. 

Combustion, Absorption of COs, and Removal of Other Gases—The pro- 
cedure as described by Van Slyke and Folch (1), with modification of the 
combustion reagents as described by Van Slyke, Plazin, and Weisiger 
(13), is followed through the stages of combustion, absorption of CO. by 
alkaline hydrazine solution in the gas chamber, and ejection of unabsorbed 
gases. From this point, in order to obtain CO, unaccompanied by other 
gases, the procedure is altered to the following. 

The alkali-hydrazine solution in the chamber (C, Fig. 1), containing 
the absorbed COs, is shaken for 2 minutes zn vacuo to remove from the 
solution small amounts of O. and Ne. and any H, that may have 
been formed by action of halogens on the hydrazine in the solution. The 
extracted gas is ejected from the chamber, with care not to eject any of 
the solution. (See technique for ‘‘Ejection of gas without loss of solu- 
tions,’ Peters and Van Slyke (15).) 

Measurement of p;y—2 ml. of the air-free 2 N lactic acid are run from the 
container (Fig. 2) into the cup (B, Fig. 1) of the manometric chamber, 
the delivery tip of the lactic acid container being kept close to the bottom 
of the cup so that the delivered solution does not fall through the air. 1 
ml. of the solution measured by the graduations on B is admitted into the 
chamber. Cock J is sealed with mercury, and the remaining 1 ml. of lactic 
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acid, which served to protect the admitted solution from absorption 
air in cup B, is removed from the cup. 

Extraction of the CO, and reading of p, are carried out as described by 
Van Slyke and Folch ((1), p. 525). The reading is made with the ga 
volume at 2 ml. when the carbon sample is below 0.7 mg., at 10 ml. whe 
it is between 0.7 and 3.5 mg. 

Transfer of CO, to Ba(OH), Solution—2.5 ml. of the Ba(OH)>:-BaCl, 
solution are measured into tube A (Fig. 1), under a stream of CO.-free gas, 
and the tube is immediately attached as shown in the figure,® except that 
cock J is closed. The air in A and B (Fig. 1) is evacuated at once through 
cock H until the pressure is lowered to 20 mm. (water pump) or less, and 
cock H is closed. 

To transfer the CO, from C to the solution in A, cock / is turned a 
shown in Fig. 1, and mercury is admitted through the bottom of C until 
the meniscus of the solution rises to the bottom of cock J, driving the C0, 
gas into A and B. Cock / is now closed, and the mercury in C is lowered 
again to the bottom of the chamber. About 95 per cent of the total C0, 
yielded by the combustion is now in A and B, while about 5 per cent re 
mains dissolved in the solution in C. The chamber is now shaken for 1.| 
minutes, during which absorption of CO, from A and B into the barium 
hydroxide solution occurs, while, of the COs left in solution in C, all but 
an amount equal to about 0.3 per cent of the total CO, is evolved into the 
supernatant gas phase. 

This second portion of extracted CO, is passed into A and B and ab- 
sorbed as described above by a second 1.5 minute shaking, while simul- 





taneously the last traces of dissolved CO, in C are extracted. The thin 
portion of extracted CO, is passed into A and B and absorbed by a third 
1.5 minute shaking, making the transfer complete. Before this last shak- 
ing the mercury level in C is lowered again to the bottom of C to avoid 
having the weight of mercury in the chamber during the shaking (ex) 
traction of CO, from the solution is already complete). 

Measurement of p.—The solution in C is allowed to rise until it fills the 
bore of cock J, the cock is closed and sealed with mercury, the aqueots| 
meniscus in C is lowered to either the 2 or the 10 ml. mark, at which the! 
p, reading was made, and the p. reading is recorded. 


5In preliminary experiments the connection of A with C (Fig. 1) was 
made through the capillary outlet at the left of the 3-way cock J, but it was founl 
that traces of lubricant or mercury from the bore of the cock sometimes contan: 
inated the BaCO; precipitate formed in A and affected its physical properties § 
that the counts obtained in the methane-flow counter were low by several per cent.) 
The arrangement shown in Fig. 1 was then adopted, with cup B serving as a trap fo! 
such contaminants, and uniformly consistent counts were obtained. 
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Tube A is disconnected and is closed with a glass cap (Fig. 1) to pro- 
tect the solution from atmospheric COs. 

Blank for Carbon in Reagents—A blank analysis is done in the same 
manner as the combustion, except that in the blank for the ‘“‘macro”’ analy- 
sis only 0.3 instead of 1.0 gm. of KIO3-K,Cr.O; mixture is used (see (1) 
p.539). The value of the difference, p, — p2, obtained in the blank analysis 
is the correction, c, for the reagents. The correction (for its sources see 
(13)) is usually 4 to 5 mm. when the pressures are read with gas at 10 
ml. volume, 16 to 20 mm. when pressures are read with the gas at 2 ml. 

Cleaning Manometric Chamber between Analyses—Since the acid solution 
left in the chamber has had approximately 99.99 per cent of its CO, re- 
moved, washing the chamber twice with portions of about 20 ml. of water, 
care being taken to draw the water down into the connection below the 
chamber, suffices to prepare the latter for the next analysis. 

Transfer of BaCO ; to Disk for Counting—The mixture of BaCQs precipi- 
tate and Ba(OH).-BaCl, solution obtained in A (Fig. 1), as described 
above, is neutralized without delay to the phenolphthalein end-point with 
0.1 x HCl, and the cap is replaced on the tube. The neutralized suspen- 
sion is then ready to be poured at any convenient time into tube A (Fig. 
3) of the assembled filtration apparatus containing the tared porous glass 
disk C (Fig. 3). Before the suspension is poured, a water pump vacuum 
is applied to the suction flask into which D (Fig. 3) is inserted. The 
BaCO3 in the capped vessel (A, Fig. 1) is agitated into a suspension which 
is poured into A (Fig. 3). No attempt is made to transfer the BaCO3 to 
the disk quantitatively; the weight of dry BaCO; on the disk is used to 
calculate the layer thickness in mg. of BaCO; per sq. em. As soon as all 
the supernatant solution has been drawn through the precipitate, the pre- 
cipitate is washed with about 7 ml. of water, which is directed against 
the walls of tube A (Fig. 3) to avoid disturbing the precipitate. This 
washing is repeated twice again, the precipitate is allowed to dry for a 
few seconds by suction, then tube A is lifted off carefully, and the disk 
is dried at 110° for an hour. The disk with the BaCQ; is then weighed 
and is used for counting. 

Measuring Radioactivity of BaCOs; on Disk—The dried disk with the 
BaCO; is placéd on the rubber pad @ (Fig. 5) and is shifted about so that 
the BaCOs is centered in the opening of F (Fig. 5) when EF is lowered into 
F (Fig. 5). The assembled counting cup is then mounted in the methane- 
flow counter described by Bernstein and Ballentine (12), and the counting 
rate is determined. The same scaler and power supply described for 
Method II can be used here. 

Determination of Self-Absorption Curve of BaCO;—For the counting ap 
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paratus used, the BaCQO; ‘self-absorption curve” is determined as de. 
scribed by Reid et al. (16) for thicknesses of BaCO; up to 20 mg. per sy, 
em. From this curve one obtains the factor, ’, by which the observed 
counting rate for a disk carrying « mg. of BaCO3; per sq. em. is divided to 
calculate the counting rate for a layer of the same BaCO; at “infinite thick. 
ness,”’ which indicates the specific activity of the carbon (e.g., see Table 
II). 


Calculations for Method I 
Total Carbon—This is calculated as by Van Slyke and Folch (1): 
(1) Mg. carbon = (p: — ps — c) X factor 


The values, p; and pe are the manometer readings taken before and after 
removal of CO, from the chamber of the manometric apparatus; c is the 
~Pi — pe Value obtained in a blank analysis. The factor is taken from Table 
I of Van Slyke and Folch (1). 

Radioactivity— 


(2) aa N+ y, mg C in sample + mg. C in blank 








FN; mg. C in sample 


A = muc. per mg. of C, or ue. per gm. of C. 

N, = sample count = observed number of counts per minute from C* 
in samples; VN, = Neg — Nz. 

Ng = gross counts per minute of sample and background. 

Nz = number of background counts per minute. 

Nx, the constant of the counter, is the N, given by BaC™O; with specific 
activity of 1.00 muc. per mg. of C, the BaCO; being in a layer of “‘infinite 
thickness.”” (An example of the determination of N;, is given in the ex- 
perimental part, in connection with Table ITT.) 

F = ‘infinite thickness” factor, from self-absorption curve. (For a 
discussion of F', see Reid, Weil, and Dunning (16).) N,/F = e.p.m. with 
BaCO; layer of infinite thickness. 

The specific activity of the BaCO ; on the disk is N;/FN;. However, 
this BaCO; contains the carbon of the sample diluted with a small amount 
of C” derived from the reagents and measured in the blank analysis. To 
correct for this dilution, the factor (mg. of C in sample + mg. of C in 
blank)/(mg. of C in sample) is introduced. Equation 2 is valid for any 
combustion method. For the present method, in which the carbon is 
measured manometrically, the correction factor can be represented as 
(pi — p2)/(—i — Pr — ©), giving 


N. Pi — Pe 
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The total activity in the sample, muc.., is 
4) myuc., = A X (mg. C calculated by Equation 1) 


For calculating muc.,, when mg. of C is not needed, a short cut may be 
ysed, eliminating the correction c. Inserting in Equation 4 the value of A 
from Equation 3 and the value of mg. of C from Equation 1 gives 


‘im Ns 
~ FN, 





(5) MuC., X (1 — pz) X factor 
METHOD II. CARBON DETERMINATION FOLLOWED BY TRANSFER OF 
CO2 TO GAS PHASE COUNTER FOR ACTIVITY MEASUREMENT 


Apparatus 


The apparatus of Van Slyke and Folch (1) for carbon combustion. 

A container for air-free lactic acid, as described above (Fig. 2). 

Cylindrical gas phase proportional counters for C'O:, described by Bern- 
stein and Ballentine (2). These are of approximately 100 ml. capacity 
(E, Fig. 6).6 The counters used in the present work were 30 cm. long 
and 2 em. in diameter. As shown by Bernstein and Ballentine (2), the in- 
ner diameter can be increased up to 20 em. and the length to 1 meter. Over 
the length shown between the two horizontal lines on £ in Fig. 6 the inner 
wall is coated with silver. The value, Vz, representing the fraction of each 
counter’s volume that is included in the space enclosed by the silvered 
portion of the walls, is determined by filling the tube with toluene to the 
necessary levels, as described by Bernstein and Ballentine (2). 

The filling to the three levels with toluene is facilitated by use of the 
adapter, shown in Fig. 7, connecting the toluene burette to the gas counter 
by the glass joint of the latter. Through the outlet of the adapter the 
latter and the counter tube are partially evacuated so that toluene from 
the burette flows readily into the counter. 

With V, values measured by the toluene method, duplicate C“O: ac- 
tivities calculated by Equations 6 and 7 from counts made in different 
tubes show small differences, usually less than 1 per cent, attributable to 
deviations of the functional sensitive volume from the silver-enclosed 
volume measured by the toluene calibration. The experiment described 
in connection with Table V, in which equal amounts of C“O, are counted 
ina series of tubes, shows how such counts can be used to correct the Vz 
values of a series of tubes so that all will give activities comparable with 
somewhat greater accuracy than activities calculated by the Vz volume 
ratios measured with toluene. Also, tubes in which the silvered areas 


®Obtainable from the Process and Instruments Company, Greenpoint Avenue, 


Brooklyn, New York. 
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are not enclosed in exact cylinders can be fitted into a series by the C¥0 
comparison. 

A connecting tube, D-J, Fig. 6, with a freezing coil, D, to be partially 
immersed in a bath of dry ice and alcohol for condensation of water vapor. 
The horizontal length of the connecting tube is about 30 em. The coil is 
made of thin walled tubing of 3.5 mm. outer diameter, except the first 



































si 


Fig. 6 Fic. 7 





Fic. 6. Manometric chamber, gas counter, and connecting piece arranged for | 
transfer of CO. from manometric chamber to proportional gas counter. The joints 
shown are 7/25. 


Fic. 7. Adapter for measuring toluene into gas counter. 


descending limb which is thin walled 8 mm. outer diameter. Each loop 
of the spiral is 80 mm. high (see ‘‘Remarks on construction and operation 
of counters’). 

A vapor trap immersed in a freezing bath of alcohol and solid CO, (not 
shown in Fig. 6), inserted in the thick walled rubber tubing connection 
between the apparatus and the high vacuum pump, to protect the pump. 

Three thermos jars to hold (1) the CO,.-alcohol freezing mixture about | 
D, (2) the liquid nitrogen that cools Ff, and (3) the CO.-aleohol mixture 
which cools the trap that protects the pump. 
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OMT 4 rapid high vacuum pump. The one used was a Welch Duo-Seal.’ 
With several feet of heavy walled rubber tubing in connections, it reduced 
the pressure in the system B-D-E (Fig. 6) to 0.3 mm. in 1 or 2 minutes. 
Lower pressure proved unnecessary. 

A methane reservoir (Fig. 8) to introduce methane into the gas counter 
tube in preparation for the counting procedure. 

Scaler and Power Supply—There is no scaler and power supply com- 
mercially available at the present time which meets the following essential 
specifications without minor circuit additions and changes. In our work 
we have used the equipment described by Bernstein and Ballentine (2), 
with circuit changes as described by them. However, we are advised that 


rtially 
vapor, 
coil is 
e first 











_————— 


| 
| 

TKN 
SSS 


Fic. 8. Vessel for supplying dry methane at atmospheric pressure. The cross- 

| hatched space at the bottom of the center well, H, indicates the level of the oil when 

the reservoir is charged with methane before filling a counter tube. Reservoir made 
from a 2 liter bottle and a 60/50 joint. Other joints are 7/25. 


sed for | the ideal equipment, which would be less subject to operating difficulties 
> joints | in humid weather, would have the following specifications. 
The amplifier and discriminator (1) should be sensitive to input pulses 
of 1 mv., (2) should have a gain stable to within 10 per cent, (3) should 
h loop contain a non-overloading feature such that pulses 100 times the minimal 
ration ¢ffective pulse do not depress the base-line more than 20 per cent of the 
minimal pulse for longer than 50 microseconds and do not introduce any 
), (not! spurious pulses, (4) should have a rise time of 0.5 microsecond or less, and 
ection (5) should have a differentiation time constant of 3 microseconds or less. 
pump. The scaler (1) should have a scale of at least 128, (2) should have a re- 
about | solving time of 5 microseconds or less, and (3), together with the impulse 


ixture oo ; . P ‘ , 
- "Nos. 76400, 76402, 76404, or 76406 in catalogue No. 7 (1951) of the New York 


Laboratory Supply Company, New York 13. 
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register, should be able to record 200,000 c.p.m. with less than 5 per cent 
loss. 

The power supply (1) should deliver 5000 volts of positive direct current 
with voltage regulation reproducible within 1 per cent, and (2) should 
introduce high frequency noise pulses of only a few millivolts into the 
decoupling filter shown in Fig. 9; the high voltage leakage in all com- 
ponents should be minimized (1) by the use of Teflon connectors, and (2) 
by the protective coating of condensers described by Glass (17). A block 


















































diagram of the counting circuit is shown in Fig. 9, with a wiring diagram 
for the decoupling filter included. ’ 
DECOUPLING FILTER 
SUPPLY ~ 
Ol pf | MEG. AMPLIFIER 
“GLASSMIKE" L |} = {70 GRID 
ma ST 
(5000 V) 100 ppt gimec pale 
ceramic | | | 
(10,000 v) | 
TO CENTER WIRE |+ | DIScRimiINATOR | 














COUNTER 














TUBE 
nue rary 
| IMPULSE REGISTER| 


Fig. 9. Diagram of counting circuit and decoupling filter 











Reagents 


Those listed for Method I, except the barium hydroxide solution. If 
“macro” analyses, with 4 to 15 mg. of total carbon, are to be made, the 
more concentrated NaOH-hydrazine and lactic acid solutions described 
(1) for macro analyses are needed. 

Solid CO, and liquid nitrogen. 

Tank methane, commercial, 99 per cent.3 


Procedure 


In this procedure, amounts of carbon from 0.1 to 15.0 mg. can be used, | 
the “submicro” combustion of Van Slyke and Folch for 0.1 to 0.7 mg, 


8 Matheson Company, East Rutherford, New Jersey. 
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the “micro” for 0.7 to 3.5 mg., the ‘‘macro” for 4 to 15 mg. Van Slyke 
and Folch did not recommend using the “‘submicro” combustion for sam- 
ples with less than 0.3 mg. of carbon, which give about 270 mm. of CO, 
pressure at a 2 ml. volume. However, if accuracy in the carbon deter- 
mination of 1 or 2 per cent suffices, samples as low as 0.1 mg. may be used 
(ee Table VII). 

Free halogens, air, and water vapor interfere with the operation of the 
counter tube; these are all removed satisfactorily by the procedures used. 
Halogens are reduced to halides and retained in the hydrazine-containing 
solution in C (Fig. 6); air, both gaseous and dissolved, is removed from C 
during the analytical procedure, and from B-D-E by pump. Water vapor 
from C is retained by the freezing coil D. The preliminary purification of 
CO. by freezing and subsequent redistillation into the counter tube em- 
ployed by Bernstein and Ballentine is not necessary under these circum- 
stances. 

Combustion, Absorption of CO2, and Removal of Other Gases from Mano- 
metric Chamber—The procedure is the same as that described for Method 
I, through ‘“Measurement of p,.” However, besides the ‘‘submicro” and 
“micro”? analyses, Method II can also be used with “macro” analyses 


' (1, 13) for samples with up to 15 mg. of carbon, when low specific activities 
' make large samples desirable. In macro combustions with 4 to 12 mg. of 


carbon, in order to avoid evolution of inconveniently large volumes of 
oxygen gas, the amount of KIO;-K»Cr.0O; powder used is reduced below 
lgm. Gm. of powder used = (expected mg. of carbon)/15. 

When the “macro” procedure is used with carbohydrates with the 10:1 
KIO3-K,Cr207; combustion mixture described by Van Slyke, Plazin, and 


' Weisiger (13) for carbohydrate combustions, the extra addition of CrOs; 


solution at the end of the combustion, described (13) to prevent excessive 
iodine evolution, is used. Also, in such analyses, we have washed cup B 
(Fig. 6) with water immediately before connecting with D (Fig. 6). 
Transfer of CO, to Counter—After p; is read, the connections shown in 
Fig. 6 are made, but with cocks J and K closed. (The counter tube £, 
Fig. 6, before being used, is evacuated to 0.3 mm. pressure or less for at 
least 5 minutes, in order to remove any adherent C™“O, and water vapor 
from the walls, and cock K is then closed to keep the tube evacuated until 
used.) After the connections are made, the lower two-thirds of coil D 
is immersed in a bath of dry ice and alcohol, and the bottom, F, of the 
evacuated counter tube is immersed in liquid nitrogen about 1 inch, until 
the liquid reaches the lower edge of the silvered area. The space between 
cocks J and K is evacuated through cock J to a pressure of 0.3 mm. or 
less. Cock K is then opened for 1 minute while the action of the pump 
continues. Cock J is then closed. The level of the liquid in C is set as 
shown in Fig. 6, and cock J is turned to connect C with HZ, as shown in 
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Fig. 6. The drop of mercury previously in the right-hand bore of cock ] 
is forced by gas pressure up into cup B, where it forms the drop shown in 
Fig. 6. A continuous stream of CO, and water vapor from C is evidenced 
by the dancing of the mercury drop. The apparatus is let stand for 30 
seconds, as shown in Fig. 6, and during this time the greater part of the 
CO, is drawn over into F and condensed in liquid nitrogen-cooled F, the 
continuous stream of water vapor serving to sweep the CO, out of C and 
B. To complete the transfer the mercury in chamber C is lowered to the 
bottom of the chamber and raised to the level shown in Fig. 6 ten times in 
the course of about 2 minutes. The liquid in C is then raised nearly to 
cock J, and the cock is closed. Cock K is closed immediately thereafter, 
and the counter tube and its connecting tube are disconnected from the 
manometric apparatus. 

Manometer reading p2 is then taken, with the gas space in C at the 
volume, either 2, 10, or 46 ml., at which p; was measured. 

When the initial pressure in B-D-E is lowered to 0.3 mm. as directed, 
and tight connections prevent access of air during the transfer, the trans- 
fer of CO, to solidify in F is so rapid by the above procedure that the 
amount left in the gas and liquid phases in chamber C is reduced to the 
order of 0.001 of the total COs. 

Blank for Total Carbon—The blank analysis is carried out in the manner 
described above, but with no sample in the combustion tube. The 
Pi — pe difference in the blank is the ¢ correction. It includes correction 
for a slight effect on the mercury level of loss from chamber C of water 
that distils from the chamber into coil D (Fig. 6). 

Test for Completeness of Removal of CO. from Manometric Chamber—The 
presence of residual CO, in the chamber can be tested as follows: After 
the gas counter has been disconnected, cock IJ of the manometric chamber 
is sealed with mercury, without admitting any air into C, the mercury 
in C is lowered to the 50 ml. mark, and the chamber is shaken for 1 min- 
ute. The meniscus of the aqueous solution is raised to the 0.5 ml. mark 
and p;is read. The solution is then raised to cock J, any gas bubble ob- 
served is ejected, the cock is closed, the meniscus again brought to the 0.5 
ml. mark, and p,; is read. The p3; — ps, value is divided by 4, 20, or 92 
to estimate the pressure that the gas would exert at volume 2, 10, or 46 
ml., respectively, at which Poo, was measured in the combustion analysis. 
If the value of (ps3 — p,) divided by 4, 20, or 92 is significant, it is added 
to Pco,. As mentioned before, it is usually less than 0.001 part of the 
total CO, (see Table VIT). 

Filling Counter Tube with Methane—After the CO, from the combustion 
has been condensed in the counter tube and stop-cock K (Fig. 6) has been 
closed as described above, the tube is lifted from the liquid nitrogen bath, 
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alowed to warm to room temperature, and attached to joint A of the 
methane reservoir (Fig. 8). The high vacuum line is attached to joint C 
(Fig. 8), and the space A-C-D evacuated for at least 2 minutes to 0.3 mm. 
pressure or less. Cock B (Fig. 8) is then closed, cock D is opened, and 
then the counter tube stop-cock (K in Fig. 6) is opened full while the level 
of the oil in the center well H (Fig. 8) is being watched. Within a fraction 
of a second the rapid rise of the oil level will be over, and at this point 
the counter tube stop-cock is closed quickly. Cock D (Fig. 8) is then 
dosed and the counter tube is removed for counting. 

Counting—The filled counter tube is connected with the scaler by means 
of clip leads and the sample is counted as described by Bernstein and Bal- 
lntine (2). The position of the tubes during the count was found to 
influence the background count. Tubes having background counts of 
about 145 per minute when in a horizontal position (unshielded) had 
counts of about 125 per minute when placed in a vertical position. Shield- 
ing the vertically suspended tube by surrounding it with a lead cylinder 
with walls 1.5 inches thick diminished the background to about 80 counts 
per minute. 


Calculations for Method IT 


N; 


6) nee, = SS 
2220EV pr 


Mmuc.s 


(7) a 





mg. C 


muc.s, N,, and A have the same significances as in Equations 2 to 5. 

2220 = disintegrations per minute corresponding to a millimicrocurie. 

Ve = fraction of the volume of the total counter tube that is enclosed 
by the cylindrical silvered portion. 

E = efficiency factor = fraction of disintegrations within the silvered 
cylinder that are counted. HH = 0.98 when the CQ, tension, in the CO2- 
methane mixture in the counter, is under 120 mm. (2), given by about 8 
ng. of total carbon with the present 100 ml. size of gas counter. For EF 
values with larger gas samples, see Fig. 10. 

The factors, Vz and E£, correct for the facts, respectively, that the 
counter registers only disintegrations occurring within the silver-coated 
fraction, Vp, of the counter’s total volume (see Table V), and that, of 
these disintegrations, only the fraction E is registered. 

Remarks on Construction and Operation of Equipment—Some details of 
the construction of the gas counter tube (F of Fig. 6), not discussed by 
Bernstein and Ballentine (2), are the following. Silvering is applied to the 
inside surface by a slight modification of Formula III of the Brashear 
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process as described by Strong ((18), p. 154). The top and bottom edges 
of the silvering are sharply delineated by grinding with fine carborunduy 
by means of a rubber stopper mounted on a lathe. The stopper is selected 
to slip completely inside the counter tubing.® Electrical leads are brought 
into the tubes through Kulgrid tungsten seals,'° and the cathode lead i 
connected with the silvering through a short section of tungsten ribbon by 
means of silver paint.!' The 2 mil tungsten anode wire” is spot-welded 
to the Kulgrid lead and to the molybdenum wire (10 to 15 mil) spring in 
such a way that the spring at the bottom of H (Fig. 6) is drawn up to, 
and is compressed against, the terminal constriction of its surrounding 
glass shield when the tube is assembled. 

The special design of the freezing coil (D, Fig. 6), which prevents water 
from the manometric chamber from entering the counter tube, was sug. 
gested by Dr. D. L. Buchanan of the Biology Division, Argonne Na. 
tional Laboratory. In a freezing coil completely immersed in alcohol-C0, 
freezing bath, solid particles of frozen vapor are not prevented from tr- 
versing the coil, whereas in the present arrangement such particles become 
melted in the upper loops of the coil extending out of the freezing bath, 
and are then refrozen on the coil wall where it reenters the bath. 

The methane reservoir (Fig. 8) was designed to facilitate bringing the 
pressure inside a counting tube, containing 0 to 250 mm. pressure of C0, 
at room temperature, quickly to just under 760 mm. by the admission ¢ 
methane gas. The methane entering the counter tube is cooled by ex 
pansion, and if the connection with the methane reservoir were left open 
after pressures were equal in the two vessels, rewarming of the gas in the 
counter to room temperature could cause some back-flow from the 
counter to the reservoir, with loss of CO, from the counter. The design 
of the reservoir, and the procedure for filling the counter with methane, 
are aimed to achieve quick filling without danger of back-flow. 

A lecture bottle of methane is left connected to J (Fig. 8) with Tygon 
tubing; the pressure stop-cock F is closed only when the reservoir is firs 
filled as described below, the refilling of the reservoir being accomplished 
by means of the lecture bottle valve. 

When the reservoir is first filled, the oil is drawn by suction through ) 


9 We are indebted to Mr. Casimir Nawrocki of the Instrumentation and Healt! 
Physics Department for developing the process of silvering the counter tubes and 
for preparing the tubes which we use. 

0 Available from the Kulite Tungsten Company, 723-725 Sip Street, Union City 
New Jersey. 

4 du Pont Electrochemicals Department, Ceramic Products bulletin CP 2-14 
No. 4817, type A (air-set) conductive coating material. 

2 Kulite Tungsten Company; the wire is specified as annealed, straightened 
cleaned, and thorium-free. 





to the 
closed 
contr 
is the’ 
out tk 
with | 
reser'v 
It j 
cedur 
the ec 
ing tu 
with 
area, 
Equa 
is 0.9 
know 
over | 
volur 
by F 
Th 
Elect 
from 
case 
in ms 
ing Yr 
neces 
subse 
stop- 
the s 
sulat 
back 
Oeca 
Up is 
Al 
the s 
In 
elect 
clip 
shou 
of th 
cour 


Ey 











1 edges 
undun 
elected 
rought 
lead is 
bon by 
welded 
ring it 
up to, 
unding 


3 Water 
LS SUE: 
ie Na- 
ol-C0, 
m tra- 
ecome 
y bath, 


ng the 
of C0, 
sion of 
by ex 
t open 
in the 


m_ thej 


design 
thane, 


Tygon 
is first 
plished 


ugh ) 


Healt! 
bes and 


1 Cit) 
> 2-147 


htened 





XUM 


D. D. VAN SLYKE, R. STEELE, AND J. PLAZIN 787 


i the lower level of the cross-tube between D and F by suction, F being 
dosed. Then D is closed, F is opened, and methane is admitted under 
control by the lecture bottle valve, until the reservoir is filled. Cock F 
igthen closed again, and the process is repeated four or five times to flush 
out the air originally in the cross-tube; F is thereafter left open, connected 
vith the methane cylinder, so that the positive pressure exerted by the 
reservoir extends through all connections to prevent entrance of air. 

It is recognized that for standardizing the counter tubes a simpler pro- 
cedure than the calibration with toluene would be to measure in each tube 
the count of a known amount of CO, (to yield a CO, pressure in the count- 
ing tube of 100 mm. or less) obtained from standard Na,C™“O; or BaC¥O; 
with carbon of known specific activity. Without measuring the silvered 
area of the tube, one would thus obtain the combined factor, EVp, of 
Equation 6. WV, could then be calculated, since E under these conditions 
is 0.98. At present, however, C™ standards whose specific activities are 
known with sufficient accuracy are not available. For samples containing 
over 7 mg. of carbon, it would also be necessary to know the total counter 
volume in order to calculate CO, concentrations for use in estimating E 
by Fig. 10. 

The sealing circuit has certain characteristics which should be mentioned. 
Electrical disturbances, occurring in the contacts or the wiring leading 
from the counting tube to the scaler, are more troublesome than is the 
case in scaler circuits for Geiger counter tubes, where pulses several volts 
inmagnitude are being counted. For this reason, high background count- 
ing rates are sometimes persistent in humid weather, and it was once 
necessary to bake out the cable connecting the counter to the scaler and 
subsequently to coat the surfaces of its electrical contacts with Silicone 
stop-cock grease to eliminate this difficulty. The warmth generated by 
the sealer when it is in operation helps to eliminate moisture from the in- 
sulators within the cabinet, and in humid weather it is common to find the 
background count falling for about an hour after the scaler is turned on. 
Occasionally, after a week or more of non-operation, a whole day of warm 
up is necessary before the usual low background count is attained. 

An Amphenol connector not more than 12 inches long is used to connect 
the sealer with the counter. 

In the case of the gas phase counter, in which the last few inches of the 
electrical connections to the counter tube consist of wires terminating in 
clip leads, it is essential that these wires, even though rubber-insulated, 
should not touch each other or the metal of the enclosing pig or even the glass 
of the counter tube itself; otherwise, with the high voltage used, spurious 
counts may be generated. 

The glass surface of the counter tube between the electrical leads must 
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be clean and dry. Cleaning this surface with a towel wet with 95 per cent 
alcohol is sometimes found to reduce the number of spurious counts arising 
during humid weather. 

The above experiences were gathered in rooms with no humidity contro 
and under the climatic conditions prevalent in central Long Island. 

A potential of 3600 to 4000 volts is necessary to reach the counting 
plateau with the methane-CO, mixtures used in the counter tubes. It is 
possible that conditions could be modified, as by use of an argon-methane- 
CO, mixture, so that the more commonly employed voltage supplies pro- 
viding 2500 volts could be used, but trial of such modifications has not 
been included in the present experiments. 


EXPERIMENTAL 


Combustion of Weighed Samples of Glucose and Complete Transfer of C0; 
to Ba(OH).-BaCl, Solution—Samples of Bureau of Standards glucose were 
burned and the CO, transferred as described for Method I. The analyti- 
cal results given in Table I were obtained. The 0.1 N HCl used in the 
titrations was prepared from Hulett and Bonner’s constant boiling HC 
(19). The slightly higher results by titration than by manometric meas- 
urement have been noted consistently. They are presumably due to 
adsorption of Ba(OH), by the BaCO; precipitate noted by Sutton (8 
and by Kolthoff and Stenger (9). 

Test for Completeness of Removal of C Activity from Manometric Chamber 
by Washing after Analyses—The experiment to be described is one of sev- 
eral, each of which gave evidence that the transfer of CO. to the gas phase 
counter (Method IT), followed by washing the manometric chamber twice 
with water, leaves only about 0.0001 of the C" activity in the chamber. 
A sample of C“ sucrose was burned by the procedure described and yielded 
2.51 mg. of C as CO, by manometric measurement. This CO, was 
counted in the gas phase counter at 55,200 c.p.m., corrected for back- 
ground. The manometric chamber was washed with water in the usual 
way, then 2 ml. of 1 per cent NasCO; solution were introduced through 
cock J (Fig. 1), deaerated, and the CO, released with 1 ml. of air-free 25 
lactic acid. The carbon of the CO, was determined manometrically to be 
2.18 mg. The count of this sample above background in the gas phase 
counter was found to be 6 + 4 c.p.m. (statistical variation calculated at 
the 90 per cent confidence level). 6 ¢.p.m. represents 0.00011 part of the 
C™ contained in the preceding sample. 


Reproducibility of Counting Rate Determination in BaCO; Counter—F¥rom} N 


1.615 mg. of BaC"“Os, specified for shipment at 12.63 we. + 10 per cent 
per mg. of BaCOs, C“O, was transferred quantitatively with the aid 4 
carrier CO. to 2 ml. of about 0.6 N NaOH, which was then diluted to 5 
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nl. with 3.3 per cent Na,C”QO3; solution. The carbonate carbon content 
if the solution was determined to be 3.72 mg. per ml. Carbon dioxide 
yas released from 15 ml. of this solution in an evacuated system and 
tapped in 45 ml. of Ba(OH):-BaCl, solution (see “‘Reagents’’). After 
ieutralization of the resulting suspension with 0.1 N HCl under a stream 
of COo-free gas, the BaCO; precipitate was filtered in various quantities 
m each of seventeen disks, with the apparatus pictured in Fig. 3. The 
counting results obtained with the methane-flow counter are given in 
Table II. The “Counts per minute minus background” are observed 


TABLE I 
Experiment Showing Quantitative Transfer of CO2 from Manometric Chamber to 
Bariwm Hydroxide Solution in Method I; Combustion of Pure Glucose 
CO. measured manometrically, then transferred to Ba(OH): solution (Fig. 1) and 
titrated. 





| 


| Carbon from manometric COz measurement Carbon from ae. of transferred 




















pone | | Carbon found 
| | ee 
| — 10 iceman | Carbon found titrate Bac, ‘aaa x| 
mg. | mm. ‘ti i ; _ | A pr “4 ov centt ml. Pm - - centt 
6.725 | 396.3 25.0 2.694 | 40.07 4.505 2.703 40.20 
8.098 | 473.2 24.8 3.220 | 39.80 | 5.392 | 3.235 39.98 
7.968 465.7 24.4 3.174 39.84 | 5.3820 | 3.192 40.07 


' 





the ml. of 0.1 n HCI required to titrate the 2.5 ml. of Ba(OH): solution placed in A, 
Fig. 1, and 0.023 is the correction for CO: from the reagents, found as 6.280 — (ml. 
0.1 n HCl) in blank analyses. 

t Theoretical, 40.0 per cent carbon. 


counts minus the background count of 11 per minute. The standard 
deviation of the counts per minute at “infinite thickness,” attributable 
to factors affecting the accuracy of the self-absorption factor F, does not 
exceed + 1 per cent until the layer thickness falls below 5 mg. of BaCO; 
per sq. cm., but increases to +5 per cent when the thickness is 2 to 2.5 
mg. per sq. cm. Such thin layers are presumably less uniform, and the 
tate of change of F with change of layer thickness is greater, both factors 
decreasing the accuracy of defining F. 

Determination of the Constant, Ni, of a BaC*O; Counter with NazC¥O3- 
NaCO3 Solution Standardized by the Gas Counter—A solution of NagCO; 
containing, by analysis, 1.247 mg. of carbonate carbon per ml. was pre- 
pared from solutions of active and inactive carbonate. Portions of 2.000 
ml. were measured into the chamber of the manometric apparatus and 
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were freed of dissolved air. The CO, was set free with portions of 2 ml. of!and m: 
air-free 5 N lactic acid, the Poo, was measured at 10 ml. volume, and the eas cou 
total CO, transferred to gas counters, as in Method II. As indicated by, 

Table III, the mean value found for the specific activity was 2.717 myc,| 


per mg. of carbon. Determa 





























TaBLeE I] pean ; 
erm 
Experiment Showing Reproducibility of ‘Infinite Thickness’? Counting Rate for , 
Differing Thicknesses of Uniform BaC''0; Preparation Distributed on a Number |——— 
of Disks | 
———— ———| Counter 1 
| | “ , Pes peek es 
. | Mg. BaCOs per * C.p.m. minus | ieee whe: sts ie dese aE 
Disk No, |ME aca en 
| | | | averaget : 
| | | | A-6 
SNe ae ae areas (eee atnnns | alias. aaa a : 2 B-1 
8 14.8 | 0.993 2428 2445 C-2 
5 16.6 0.997 2435 2442 
4 17.4 0.998 2470 2475 _—_—_— 
6 16.8 0.998 2426 2431 Mean 
9 15.9 0.996 2420 2430 | ae 
3 16.5 0.997 2424 2431 | * See 
7 14.8 0.993 2411 2428 +0.7 t Gre 
| | $A: 
14 11.4 0.971 | 2382 2453 § Gr 
12 9.2 0.936 | 2312 2470 | || Fre 
17 11.1 0.968 | 2333 2410 plank. 
16 11.4 0.971 2377 2448 +1.1 
| 
10 4.2 0.730 | 1790 2452 | 
1 4.5 0.755 | 1823 2415 a 
2 5.0 | 0.790 | 1912 2420 | +1.0 pin 
| | | 
15 2.0 | 0.453 | 109 | 24s | ‘aie 
18 | 25 | 0.530 1218 | 92298 No, 
ll 2.1 0.470 1195 2543 | +5.1 
| ! ‘ | 
* From the authors’ construction of the BaCO; self-absorption curve. ene 
tind 2 ease aro Coun ; 
t V2(42)/(N — 1) X (100/2440), where A is the numerical deviation from the 2 
average value of 2440 and N is the number of disks in the group. 3 


The CO, of four other portions of 2 ml. of the same solution was sim} * By 
larly set free with lactic acid in the manometric chamber, the CO, wa t By 
transferred to Ba(OH).-BaCl. solution, and the BaCO; was counted, 
described for Method I. The resulting N; values are given in the las 
column of Table III. 

Determination of the N;, of a BaC“O; counter has the advantages i Ast 
it makes possible expressing the results of counts in terms of microcuri mpl 
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nl. of|gnd making the results quantitatively comparable with those from the 
counter. 
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Determination of activity of carbon in NazCOs solution 


TaBLe III 





Determining the Constant, Nx (Equation 3), of BaC40; Counter with Na2C40; Solution 
Standardized by Gas Counter 












































» for with gas counter Determination of Nz of BaC4O; counter 
ber = —— | 
| ‘ —_ C.p.m. with 
| , C.p.m. f Specific activit: Poy oe 
——| (Counter No. | pat. 5. J 2.4981 mg. C ie carbon es Disk No. — Lag kl) = a 
quare | 2 | NS 
group |_ —= | 
apc | | myc. per mg. C c.p.m./A 
A-6 | 0.896 13,122 | 2.700 | 1 547 201.3 
—| BI | 6.889 13,102 | 2.723 | 2 560 206.0 
c-2 | 0.886 13,112 2.729 | 3 563 207.1 
| | 4 568 209.0 
J a | | 
NS 2 RG dk aoe aoe | 7a | Mean of 2-4........ 207.4 
*See Table V. 
+ Gross count minus background of 89 ¢c.p.m. 
tA = N,/(2220 X 0.98 X V’r X mg. of C); Equations 6 and 7. 
§ Gross count minus 11 ¢c.p.m. background. 
| From Equation 3, Nz = N;,/AF. Here c = 0 because there is no combustion 
»lank. F = 1.000 since the BaCO; is of infinite thickness. Hence N;, = N,/A. 
TaBLe IV 
Analysis of C'4-Containing Sucrose by Method I 
Samples of sucrose burned, 6 mg.; theoretical carbon, 2.531 mg. 
| | | Ns am Spiel want 
+. | pi — p2at .| Carbon F Py dfor™ 
“Ie | 1h | vention! tee | found in | Counting rate (Spee cted for “blank - r 
| | : ” = al 
1 | | | thickness ae PS ny 
"od | @) ® | © | w | 7) (s) 
| mm mm | °€: | mg. | c.p.m. myc. per mg. C | myc. per mg. C 
1 | 372.0 5.0 | 22.5 | 2.523 | 2390 | 11.52 | 11.67 
rom the 2 373.0 5.0 |. 23-5 2.520 | 2353 | 11.35 | 11.50 
3 373.8 5.0 23.0 2.529 2378 | 11.46 11.61 








1s simi) * By Equation 3, omitting correction for blank. N, from Table III = 207.4. 


‘Oy wa + By Equation 3. 
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Analysis of C'-Containing Sucrose by Method I, 


A standard sucrose solution containing 6 mg. per ml. was prepared, and 
samples of 1.000 ml. were concentrated to dryness in combustion tubes 
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and used for the analyses.!* The results of triplicate combustions areigcrease 
given in Table IV. The activity calculated with the N; of 207.4 found in}yncorrec 
Table III is 2 per cent higher than the mean found in analyses of the same] Chara 
eX 
TABLE V el ine 
Characteristics of Four Gas Counters i 
a oS ton 
| Volumes by calibration with toluene | eunts with COs from NesCOs misture | Up eount 
—— = =. a 2 ai aces | aids | ‘a VE iene constant 
NO. | V “ sas ” | i 1, 7 Y, 
Total — \Vr = Vg/V Total carbon | N,* Ns/Vr ini Na,CO3 
volume volume | measure 
ml. ml. | mg. c.p.m. | c.p.m. ~ {The CO 
A-6 92.2 82.6 0.896 2.58 | 13,200 | 14,740 total CC 
5.24 13 ,222 14,750 fer of th 
| 7.81 13,166 | 14,700 urement 
© e — — ! | - 
| ilies: 
ce Os ch ig 8 Soave aca ee ee | 14,730 | 0.896 abo 
pot A Th fe as SEES | “allies ___ amount: 
B-1 | 96.0 | 85.9 0.895 | 2.58 13,178 | 14,730 the Peo 
| | 5.23 13,051 | 14,580 because 
| 7.83 13,084 | 14,620 that we 
i oes Eee Lee: RO Bi MO Be 
Rl dete her ta ot elt des. <i cesses a | 14,640 | 0.889 ptgher § 
Saeed aeons ER eat! aes: ratio, C 
C-l1 | 97.75 | 86.0 | 0.880 | 2.58 | 13,126 | 14,810 was fou 
| | 5.23 | 13,128 | 14,810 0.25 [N 
Poo i ee ee ~ sis htt s ___ fsodium 
: a oC ta CA GL ARP REA LES Sperone | 14,810 wii culated 
| | | | 
c2 | 98.0 | 86.8 | 0.886 | 2.59 | 13,073 | 14,750 The 3 
| | | | 5.21 13,018 | 14,700 per mic 
A} +ane-CO 
INURE mereetoes BG ee os eae ash os ai as ktos et a Re Ts | 14,725 0.886 |7.8 mg. 
as - _ ONUN i555 62 ulhiais ana ween, ARS ARR OGL SRNR 14,730 betweet 
* N, = sample count = gross count minus background count. The backgroun( when tl 
count in each counter was 80 + 5 ¢.p.m., with the counter in vertical position, profand ill 
tected by a lead shield. The CO. concentrations in the counters were within th¢ynder ‘ 
range, under 8 mg. of carbon per 100 ml., where the CO, does not depress the count 
See Fig. 10. 
solution with the gas counter in Table VII. A possible reason is that al 
interval of several months elapsed between the determination of the Ni} Bern 
value and the sugar analysis. It was found later that the N; value hades n 
undergone an increase of 1.8 per cent, but it was uncertain whether the|Mercur 
of Equ 
18 We are indebted to Dr. Martin Gibbs of the Biology Department, Brookhaven iy 
National Laboratory, for his gift of the photosynthetically prepared, uniformly = 
labeled C'-sucrose used. 3900 v 
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increase had occurred before the sugar analyses were done. Hence the 
uncorrected value is used in Table IV. 

Characteristics of Gas Counter Tubes—The data in Table V from four 
tubes exemplify the characteristics of counters of the type used. The 
ital and sensitive volumes of each tube were measured by calibration 
vith toluene as described under “‘Apparatus.”’ The tubes were then used 
count the C™ activity of a series of solutions that were prepared with a 
constant concentration of NasC“O; and varying concentrations of total 
\a,CO3. For each determination 2.000 ml. of Na:CO; solution were 
measured into the chamber of the manometric apparatus and deaerated. 


“|The CO2 was then freed by addition of 2 ml. of air-free 5 N lactic acid; the 


total CO. was determined by manometric measurement, followed by trans- 
fer of the CO, to the gas counter, as described for Method II. For meas- 
uwement of Peo, the gas was brought to 10 ml. volume when the amount of 
varbon was 2.58 mg., to 46 ml., as for ‘‘macro”’ combustions, when the 


jamounts were greater. The factors used for calculating total carbon from 


the Poo, values were somewhat larger than those used in the combustions, 
because the solubility of CO. in the lactic acid-sodium lactate solutions 
that were extracted was greater than in the corresponding solutions of 
higher sodium concentration extracted in the combustion analyses. The 
ratio, CO2 solubility in lactic acid-lactate solution to solubility in H,O, 
was found by the gas solubility method of Van Slyke (20) to be 0.953 — 
0.25 [Na lactate], where [Na lactate] indicates molar concentration of 
sodium lactate. With these solubility values the carbon factors were cal- 





culated by Equations 1 and 6 of Van Slyke and Folch (1). 

The results in Table V show that in the type of counters used the count 
per microcurie of C™ is not affected by raising the CO, tension in the meth- 
ane-CO. mixture as high as 120 mm., corresponding approximately to the 
78 mg. of total carbon. The results also illustrate the small differences 
between duplicate determinations of N./V, in different counter tubes, 
when the Vz values are volume ratios determined by the toluene method, 
and illustrate the calculation of corrected Vp values as V’,, as discussed 
under “Apparatus.” 


Determination of Efficiency Factor, E, of Equation 6 for 
Carbon Samples over 7 Mg. 


Bernstein and Ballentine (2) estimated that with methane-CO, mix- 
tures in which the CO, tension at atmospheric pressure was 100 mm. of 
mercury or less, the gas counters counted a constant fraction (the FE factor 
of Equation 6 of this paper) of 0.98 of the disintegrations that occurred 
within the sensitive space enclosed by the silvered area, at a potential of 
3900 volts, near the upper limit of the counting plateau, but that if the 








XUM 
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CO, tension was raised to 300 mm., the counted fraction fell to the orde 
of 0.85. In Method II, with carbon samples over 7 mg., the COs tension 
in the counter exceeds 100 mm., and it is essential to know accurately 
the curve relating the EF factor to the concentration of CO, in the meth. 
ane-CO, mixtures obtained with 7 to 15 mg. of carbon. For this purpog 


the following experiments were done. 
Into each of a series of 25 ml. volumetric flasks were measured 2.00 


0.98 
0.97 
0.96 
0.95 


0.94 


— FACTOR OF EQUATION 6 


0.93 


0.92 











re 6 7 8 9 iO T \2 13 “(5 16> wir 
CO> CONCENTRATION AS MG. CARBON PER 100 ML.GAS COUNTER VOLUME 
pa | 1 1 = 1 1 1 1 ————_E————— 
80 100 120 140 iGO 180 200 220 240 260 


MM. COo TENSION AT 25° 


Fic. 10. Efficiency factor, Z, of gas counter with carbon samples up to 15 mg 
Results with three counter tubes, A-6, B-1, and C-2, indicated by symbols @, 0 
and A, respectively. 


ml. of a 3.3 per cent NasCO; solution containing 42.4 muc. of C™ per ml 
Varying amounts of Na,C”O; were added to bring the total carbon con- 
tents of the respective flasks to approximately 2.5, 5, 7.5, 10, 12.5, and 
15 mg. per 2 ml., the C remaining the same in all the flasks. Portions 
of 2.000 ml. from the different flasks were transferred with a stop-cock 
pipette to the chamber of the manometric apparatus. The air was ex 
tracted from the alkaline carbonate solution and ejected, as in Method II. 
and the CO: was set free by addition of 2 ml. of air-free 5 N lactic acid 
The CO: was measured manometrically, as described for the preceding 
experiment, transferred to gas counters, and counted, as in Method Il 
The results are given in Fig. 10. 
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As shown in Table V, the count is not affected by variation in 
the amounts of total CO. carbon covering the range below about 7 
ng. The counts given with 2.5 and 5 mg. of total carbon were equal, 
yithin the limits of accuracy of the technique, and, from the data of Bern- 
tein and Ballentine (2), were taken to represent 0.98 of the disintegrations 
in the sensitive space of each counter. With 10 and more mg. of total 
carbonate carbon, lower counts were obtained, and the F factor of Equa- 
tion 6 was calculated as 


mean N, observed with 2.5 to 5 mg. total C 
N; observed with larger amounts of total C 





0.98 X 


A separate series of observations was made with each of three tubes, the E 
factor being in each case calculated by comparing counts obtained at 
larger amounts of total carbon with counts obtained with 2.5 to 5.0 mg. 
samples in the same tube, so that accuracy of Vz values did not affect the 
f value. The CO, concentration in the counter tube was obtained by 
lividing the total CO. present, as determined manometrically, by the 
volume capacity of the counter tube. The results in Fig. 10 are given 
in terms of mg. of C per 100 ml., for convenience in using the curve to 
estimate EF for calculation of activities in “macro” carbon analyses. 


Results by Method II with C“-Containing Sucrose, with Samples 
Varying from 0.14 to 15.0 Mg. of Total Carbon 


For the analyses of both Table VI and Table VII solutions of sucrose 
containing 6.00 mg. per ml. were used, but the solution employed for the 
“micro” and ‘“‘submicro” combustions of Table VII contained 10 times as 
great a proportion of C' sucrose as the solution used for the ‘‘macro” 
analyses of Table VI. The solution used for Table VI was prepared by 
diluting that for Table VII to 10 volumes with a 0.6 per cent solution of 
ordinary sucrose. 

The samples for analysis were prepared by measuring aliquots of the 
sucrose solutions into combustion tubes and evaporating to dryness in an 
evacuated desiccator. For Table VI the aliquots, 1 to 6 ml., were meas- 
wed with about 1 part per 1000 accuracy, so that the results indicate, 
about as closely as those from weighed samples, the accuracy of the car- 
bon determination as well as of the specific activity. 

For the analyses of Table VII the aliquots, from 0.05 to 1.0 ml., of solu- 
tion were measured from ordinary graduated pipettes, the accuracy of the 
carbon determination being depended on for the calculation of specific 
activity from the ratio of count to carbon. 

The combustions were carried out with the “combustion reagent for 
tarbohydrates” described by Van Slyke, Plazin, and Weisiger (13), the 
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KIO;:K2Cr.O; ratio being 10:1. In the analyses of samples of 18 to 3 
mg. of sucrose (Table VI), the procedure added by these authors to pr. 
vent excessive iodine transfer towards the manometric chamber was used 
2 ml. of the CrO; solution of Van Slyke and Folch (1) being added at th 
end of the combustion to reoxidize I, to IO3. 


TABLE VI 


Analyses of C'-Containing Sucrose by Method II (Gas Counter) with Samples frov 
2.5 to 15 Mg. of Total Carbon 






































The sucrose was 1 part of C-sucrose of Table VII and 9 parts of C!2-sucrose. 

—," Total carbon —— Semple \cO: carbon ae aoteiy 
sucrose | at | Sa | ee . 8 of carbon 
solution - | Ns icauieasr | : * oo 
tical Found Vr Ve | te 
@ | “@) ©) (a) @) /) ) |) | auton 
mt) ome | me | com | Mb a | "at 

6 15.16 | 15.14 92.2 0.896 | 31,538 16.42 | 0.920 1.138 }- 
15.17 92.2 0.896 | 31,561 16.45 | 0.920 1.136 
15.17 92.2 0.896 | 31,792 16.45 | 0.920 1.145 
4 10.11 | 10.18 92.2 0.896 | 21,760 10.99 | 0.968 1.116 
10.14 92.2 0.896 | 21,730 | 11.00 | 0.968 1.113 
3 7.58 7.62 96.0 0.889 | 16,480 | 7.94 | 0.979 1.116 
7.60 | 98.0 | 0.886 | 16,451 7.76 | 0.979 1.1% 
1 2.527 | 2.509 | 96.0 0.889 5,537 2.62 | 0.98 1.141 
2.510 | 92.2 0.896 5,637 2.72 0.98 1.151 
2.518 | 92.2 0.896 5,659 2.73 | 0.98 1.153 
2.511 92.2 0.896 5,610 2.72 | 0.98 1.146 
RE a ACO CELE oe eo Ae I erat Te ae ren . 1.136 
Bids eROU CAN ICT PENANG. C6 oes cig ees ee pin eo Ses .| 0.015 


a aie iis SRE Eure nay tre sry cna ae eee cian) ee 





* See Table V. 


Relation of Voltage to C'* Disintegration Count with Different 
Concentrations of CO, in CO.-Methane Mixture in Gas Counter 


Bernstein and Ballentine (2) showed that, when total CO, tension a The m 


less than 100 mm., recorded counts from CO, increased with increasin 
applied voltage until a nearly level count plateau was reached at 3800 t¢ 
4000 volts. Smaller voltages failed to record all the disintegrations 
raising the voltage above 4000 began to cause spurious extra counts. Ii 
was estimated that at 3900 volts 98 per cent of the disintegrations wer 
recorded. 

We have repeated, with several different counter tubes charged with 
mixtures of C“O., C02, and methane, determinations of the curves 
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count versus applied voltage. The CO, was kept constant at an amount 
o give approximately 70,000 counts in 4 minutes. The C”O, was varied 
to give total CO; tensions varying from 2.5 to 250 mm. Curves obtained 
with CO. tensions of 2.5, 20, 100, and 250 mm. are shown in Fig. 11. 

The nearly level plateau, with constant C“O, count, noted by Bernstein 
ad Ballentine at 3600 to 4000 volts with total CO, tensions below 100 
nm., is confirmed. Within this voltage range the percentage rise in C™ 


TaB_e VII 


Analyses of C'4-Containing Sucrose by Method II (Gas Counter) with Samples from 
0.14 to 2.6 Mg. of Total Carbon, Showing Completeness of Transfer of CO2 to Gas 




















Counter and Linear Relation of Disintegrations Counted to Amount of C' 
Mg. carbon — | 
—_ 4 Disintegrations + anon hy PR a on 
Residue i | er min. @ ae | 
Total found | manometric | — ” ” c 2220 | oe 
(a) (b) (c) = (@ — bd) (d)* (e)f | (f) 
| 
2.476 0.000 2.476 63 ,030 11.47 +1.3 
2.505 0.001 2.504 62,880 11.31 | +0.1 
1.254 | 0.008 | 1.246 31,790 11.49 | +1.5 
1.274 | 0.004 1.270 31,960 11.33 | +0.1 
0.513 | 0.001 0.512 12,980 11.42 | +0.9 
0.513 | 0.000 | 0.513 12,970 11.39 +0.6 
0.2646 | 0.000 | 0.2646 6,484 11.04 | —2.5 
0.2669 | 0.000 | 0.2669 6,576 11.56 +2.1 
0.1372 0.0014 | 0.1358 3,346 11.10 -1.9 
0.1434 | 0.0023 | 0.1411 3,470 | 11.08 | —2.1 
PERILS Scone orn icp enate ns Ricco ie See eae 18:32 | 
ee 6 i Oe | Pere ere TS | £0.18 | +1.6 








* Disintegrations per minute = N,/0.98V pz; see Equation 6. 
t See Equations 6 and 7. 


count, per 100 volt increase in applied voltage, was noted for gas mixtures 
with six different total CO, tensions, viz., 2.5, 5, 10, 20, 40, and 100 mm. 


yn ‘a The mean percentage rise in count per 100 volt increase was 1.0 per cent 


at 3600 to 3800 volts, 0.75 at 3700 to 3900, 1.1 at 3800 to 4000. We have 
consequently taken 3800 as the point where the effect of voltage change is 
minimal. Also, as shown in Fig. 10, with 3800 applied volts, changes in 
total CO. tension within ranges below 120 mm. do not affect the count 
fom C“O.. In plotting the curves of Fig. 11, we have assumed that at 
3800 volts 98 per cent of disintegrations within the sensitive volume were 
recorded at COs tensions below 120 mm. 

When, instead of less than 120 mm., a total CO, tension of 250 mm. 
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was present (approximately that given by a maximal sample with 15 my 
of total carbon by Method II), Fig. 11 shows that the count give 
by CO, in the mixture was lower, and that there was no plateau. Th 
absence of a plateau with the higher CO, tensions makes accuracy of the 
E values of Equation 6, and of C™ activity measurements by Method I] 
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Fia. 11. Relation of CO. count to applied voltage in gas phase counter. Eat! 
curve shows results with an indicated concentration of total CO. present in thi 
CO:s-methane mixture. 


more dependent on accurate setting of the applied voltage with sample 
of 7 to 15 mg. of carbon than with smaller samples. 


recommended that curves like those of Fig. 11 for CO, tensions in tht 
range below 250 mm. be repeated as a part of the standardization of a nel 


tension above 120 mm. also be repeated. 


counting apparatus, and that the curve for change of / value with C0 
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ounting should be that at which a given amount of C“O, gives the same 
cunt with varying total CO, tensions from 120 mm. downward. 

Air above a certain concentration in the gas phase counter diminishes 
the count from C“Os. Method II removes even the small amounts of air 
lissolved in the reagents. However, such complete exclusion of air may 
uot be necessary; admission of 0.5 ml. of air to the 100 ml. counter did not 
aflect the C“O. count at 3800 volts. Either 5 or 10 ml. of air reduced the 
count about 4 per cent. The slope of the counting plateau (Fig. 11) was 
Jightly increased. If undesirable amounts of air gain admission with the 
(40. to the counter, the air can be removed by freezing the CO» into the 
bottom of the counter with liquid nitrogen, and evacuating the air with 
thehigh vacuum pump. Then the counter is brought to room temperature 
and methane is added as described for Method IT. 


DISCUSSION 


Sample Sizes, Activities, and Counting Times Required for Methods I and 
[I—Data indicating the relative performances of the two methods have 
been calculated statistically and are given in Table VIII. 

Symbols—The “‘total counting time,” 7, is taken as the sum of the time, 
fs minutes, spent counting background, plus the time, ¢¢ minutes, spent 
in the gross count of sample-plus-background. The number of counts per 
minute is indicated as Ng for background, Ng for gross sample-plus-back- 
ground, and N, (= Ng — Nz) for the sample count. The standard error, 
viz. (standard deviation from mean)/(mean), for N;, the C™ net count, is 
indicated as s. 

Problem—Given values of 7’, Nz, and s, the problem is to calculate si- 
multaneous values of ts, tc, and N;, such that (1) N, shall have the as- 
signed +s error and (2) the division of total time, 7’, between tg and tg 
shall be the most economical possible in the sense that it will give the 
smallest error in N, count obtainable in total time, 7’. 

Calculations—It can be shown that the above division of counting time 


is obtained when te/ts = Ne*/Nz >. By definition T = te + tz 
Therefore 
N,5 N,°5 
8) tg = T —— : a ‘ and ip = T — ‘B eer 
N Pad + N,°* N o°? +N Bo? 


The conditions defined for the problem can be shown to be covered by 


Equation 9." 
0) y, = LE V4aNeTs + 1 
ee Ts? 


“The statistical analysis is due to Dr. A. E. Brandt of the New York Office, 
Atomic Energy Commission. We thank Dr. Brandt for making the analysis avail- 
able in advance of its publication. 
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For Table VIII, N, has been calculated by Equation 9 for both counters 
with background WN; taken as 12 for the flow counter, 80 for the gas phase 
counter, and s = +0.03 for both, with varying T times. So large a stand- 
ard error as +3 per cent is used in order to estimate minimal sample sizes, 
counting times, and activities that give an accuracy useful for most bio- 
logical work. Division of total time, 7, between ts and tg follows Equa- 
tion 8. 

From N,, obtained by Equation 9, values for specific activity and car- 
bon sample size were calculated. For Method I, with the BaC“O; counter, 
the calculations were by Equation 2, with the constants, Vg = 12, NV; = 
207, and mg. of carbon in blank = 0.034. F values were interpolated for 
the BaCO; layer thicknesses from the data of Table II. (In calculating 
mg. of BaCOs per sq. cm. for F in Table VIII, it was assumed that all the 
BaCO; from carbon of sample and blank was transferred to a disk of 1.80 
sq.em.) For Method II, with the gas counter, specific activity and car- 
bon sample size were calculated from N, by Equations 6 and 7. V, was 
taken as 0.89, E as 0.98 for carbon samples of 5 mg. or less. For 10 and 
15 mg., E was interpolated from Fig. 10. 

Relative Sensitivities of Methods I and IJ—In the last four columns of 
Table VIII, we have taken as a measure of sensitivity the inverse of the 
specific activity that can be counted with a given standard error under 
given conditons of time and sample size. If A; and Ay are the specific 
activities thus counted by the respective counters, and S; and Sy are the 
sensitivities, then Sy/S; = A;/An. 

It is evident from Table VIII that at all ranges of carbon sample size 
the gas counter is the more sensitive, and that the sensitivity ratio, Sy,/S;, 
increases with the size of sample. The gas counter has the advantage that 
it registers about 87 per cent of the sample’s disintegrations, while in the 
flow counter self-absorption by the BaCOQ; layer prevents escape of part 
of the 8-rays, and counter geometry cuts the count of those that do escape 


' to about 30 per cent. The combined effects more than offset the favor- 
| able influence of the lower background of the flow counter, even with 


samples of minimal size. With the BaC“QO; counter, increase of sample 
size is offset by increasing self-absorption at such a rate that little advan- 
tage in sensitivity is gained by increasing the sample above 1 mg. of car- 
bon, where F = 0.94, and none by increasing it above 2 mg., where F = 
1.00. With the gas counter, sensitivity increases with sample size up to 
the limit handled by the present apparatus, 15 mg. of total carbon, with 
which the sensitivity is 60 to 120 times as great as that of the BaCO; 
counter. By a lead shield the background of the flow counter could be 
reduced by about one-third; however, lowering Ns from 12 to 8 would 
increase the sensitivity of the flow counter by only 2 per cent for a 10 
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minute 7’ time, 12 per cent for a 300 minute T, affecting but little thy Deter 
sensitivity relative to that of the gas counter. counter 

Counting Time—In so far as counting time, 7’, is concerned, with sam. ie 
ples of like size and activity, the gas counter has an advantage in speed E 
of the same order as in sensitivity, but the time ratio is, even somewhat [ 
more than the specific activity ratio, in favor of the gas counter, especially E 
with sample sizes in the upper ranges of Table VIII. 

Nomogram for Estimating Sample Sizes and Counting Times for Ga 
Phase Counter—The nomogram in Fig. 12 is based on the calculations t 
outlined above. It has been found convenient in planning analyses by r 
Method II. A straight line across two of the scales cuts the third at the 
point indicating its simultaneous value. 

Application to Ninhydrin-CO, Method for Free a-Amino Acids—Dr. Ff. | 
Marott Sinex in this laboratory has applied the procedures described here [ 
to measurement of C“ activity in amino acids of the type RCH(NH,)C". | 
OOH, the carboxyl CO, being evolved by reaction with ninhydrin and 
measured manometrically as described by Van Slyke, Dillon, MacFadyen, 
and Hamilton (21, 22) before transfer to counters as in Method I or II. 
The results will appear in a later publication. 

Conditions under Which Increased Size of Gas Counter or Manometric 
Chamber Could Increase Accuracy of Low Specific Activity Measurements— 
The volumes of 100 ml. for the gas counter and 50 ml. for the manometric 
chamber have been found practical for a wide variation of C™ specific 
activities. However, if many macro analyses with over 8 mg. of carbon 
are performed, it may be desirable to use a 200 ml. gas counter to elimi- 
nate the change in the EF factor that occurs when the CO, tension in the 
counter exceeds 120 mm. (Fig. 10). Although our results indicate that | 
with good voltage control the curve of Fig. 10 gives accurate EF values for 
CO, tensions up to 250 mm., the greater effect of voltage shifts on count 
observed when CO, tension exceeds 120 mm. (Fig. 11) shows that incon- 
stancy in the voltage would affect the count more in the presence of these 
higher CO, concentrations (see “relation of voltage to C™ disintegration 
count” in the experimental part). By increasing counter volume to 200 
ml., activities of all carbon samples up to 15 mg. would be calculated with 
a constant HE of 0.98, and samples above 8 mg. would be less subject to} p,, 
error from voltage variation. activi 

The sensitivity of the method, in terms of the minimal C™ activity that} cent : 
can be counted with a given time and accuracy, increases with sample size 0 
size. For material with very low C" specific activity, the maximal sample m8: 
size could be increased from 15 to 30 mg. of carbon by increasing the volume 
of the manometric chamber from 50 to 100 ml., with counter tubes of 
200 to 400 ml. volume. 
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the} Determination of C™ Activity in Dissolved or Solid Carbonates—The gas 
counter has proved useful in measuring activities of blood CO: and of 
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ct to Fig. 12. Nomogram to estimate relation of counting time to size and specific 
activity of carbon sample for measurement of activity count with +3 per 
- that} cent standard error. To measure within +1 per cent, multiply either the sample 
imple size or specific activity, indicated by the nomogram, by 8.3 for f¢ = 1, 6.0 for tg = 
imple 10, 3.9 for tg = 100, 3.2 for tg = 500. 
lume respired COo, collected either as dissolved alkali carbonate or as BaCQOs3. 
es Of} For dissolved carbonate the solution, diluted if advisable with a solution 
of inactive carbonate, is measured directly into the manometric chamber 
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and the procedure described in the experimental part under ‘Character. 
istics of gas counter tubes” is applied. For BaCO; the sample is placed 
in a combustion tube ((1), Fig. 3, B), or similarly arranged vessel, decom. 
posed with 1 or 2 ml. of 5 N lactic acid, and transferred from the warmed 
solution to alkali-hydrazine solution in the manometric chamber, as in 
combustions. If the sample is BaCO; collected on a plaque, it is conveni- 
ent to use a decomposition vessel so wide that the plaque can be dropped 
in. After the precipitate is in the vessel and the latter is connected with 
the manometric chamber, the vessel is evacuated, before addition of the 
lactic acid, as evacuation greatly accelerates the transfer of CO, to the 
alkali-hydrazine solution. After the transfer is completed, the rest of the 
procedure is the same as in combustions. 


The authors’ thanks are due Dr. A. E. Brandt for help in the statistical 
analysis and to the Instrumentation and Health Physics Department of 
the Brookhaven National Laboratory, and especially to W. Bernstein oj 
that department, for designing and installing equipment used in this work. 


SUMMARY 


Methods for the determination of total carbon and carbon radioactivity 
in a single sample are described. Total carbon is determined by the wet 
combustion method of Van Slyke and Folch, with manometric measure- 
ment of the COs, air-free reagents being used in the manometric chamber 
so that the zero manometric reading can be determined after ejecting the 
CO.. The ejected CO, is used for measurement of C™ activity. The 
sample size can be 0.1 to 15 mg. of carbon. 

For the activity measurement, two methods have been used. In Method 
I, the CO, is precipitated as BaCQOs, the BaCOQ; is filtered on a sintered 
glass disk, and the activity is counted in a windowless methane-flow pro- 
portional counter. In Method II, the CO, is transferred to the gas phase 
proportional counter developed in this laboratory by Bernstein and Ballen- 
tine, provision being made during the transfer for the exclusion of air and 
water vapor from the counter tube. 

By Method II the disintegrations of the total sample are measured 
directly, so that specific activities are obtained in terms of microcuries 
per gm. of carbon. The BaCO,; counter used in Method I is standardized 
by comparison with the gas phase counter of Method II, so that specific 
activities obtained by Method I also can be expressed in absolute units. 

Sensitivity, in terms of minimal carbon specific activities that can be 
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measured within a given counting time and error, is greater in Method II 
than in Method I, because the gas phase counter used suffers no loss of 


counts from self-absorption and only about 11 per cent from geometry. 
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With minimal sized carbon samples, Method II is several times more 
gnsitive than Method I; with maximal samples, it is about 100 times 
more sensitive. 
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THE ROLE OF FORMATE IN THE BIOSYNTHESIS 
OF HISTIDINE* 


By LOUIS LEVYt anp MINOR J. COON 


(From the Department of Physiological Chemistry, School of Medicine, University of - 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, June 2, 1951) 


The catabolic fate of histidine has been studied by many investigators, 
but comparatively little attention has been devoted to the mechanism 
by which this amino acid is synthesized in living cells. This is not sur- 
prising, in view of our knowledge that histidine is not synthesized to an 
appreciable extent in the tissues of the common laboratory animals. In 
1916, Ackroyd and Hopkins (2) reported that arginine or histidine had 
to be furnished in the diet for the maintenance of rats, and they sug- 
gested that these compounds were interchangeable in metabolism. Rose 
and Cox (8) later demonstrated conclusively that histidine is an essential 
component of the diet of the growing rat and that histidine and arginine 
are not mutually interconvertible. Information is now available that 
histidine is also a nutritional essential for other species. Rose and Rice 
(4) showed this to be true in the adult dog according to the criterion of 
nitrogen equilibrium, and Bauer and Berg (5) and Almquist (6) came to 
similar conclusions in their studies on growth in the mouse and in the 
chick, respectively. 

In contrast to these findings in animals, it has recently been demon- 
strated by Rose, Haines, Warner, and Johnson (7) that histidine is not 
required in the diet for the maintenance of nitrogen equilibrium in nor- 
mal, adult man. This unexpected finding apparently indicates that the 
amino acid is synthesized in the human organism. It is not yet known 
whether the necessary reactions are carried out in the tissues of man or 
whether they are accomplished by his intestinal bacteria, but, in either 
case, the mechanism by which histidine is synthesized in living cells is a 
problem of primary interest. 

The studies described in the present paper were carried out in order to 
determine the biological precursors of histidine in yeast. Our choice of 


* Aided by a grant from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council. C-labeled glycine and 
formate were obtained from Tracerlab, Inc., and the Oak Ridge National Labora- 
lory, respectively, on allocation from the United States Atomic Energy Commission. 
A preliminary report of this investigation was presented at the meeting of the Ameri- 
can Society of Biological Chemists at Cleveland, May, 1951 (1). 

t Predoctoral Research Fellow of the Life Insurance Medical Research Fund. 
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radioactive substrates was influenced by the work of Broquist and Snejf was 17 
(8), who concluded from growth studies that purine bases serve as pr} ment. 
cursors of histidine in lactic acid bacteria. If a similar pathway occu} Inct 
in yeast, one might predict that in this organism the imidazole ring of which 
the purines is the source of the imidazole ring of the amino acid. It jsf moist 
‘of interest in this connection that the origin of the carbon skeleton gf flasks, 
purines has been established. Sonne, Buchanan, and Delluva (9) have} justed 
reported that, in the pigeon, carbons 2 and 8 of uric acid are derived from} radioa 
formate, and carbons 4 and 5 from glycine. These precursors are nov} each : 
known to participate in the synthesis of purine bases in several other} bath : 
species, including yeast, as demonstrated by Edmonds, Delluva, and} [sol 
Wilson (10). perim 

The experiments described below establish the fact that formate-C" js| uble 
an excellent precursor of radioactive histidine in yeast, whereas glycine.) equal 
1-C" is totally ineffective in this respect. These findings are of particu-| 300 n 
lar importance because they indicate that the imidazole ring of the amino} for 8 
acid results from a series of reactions different from those which lead to} thoro 
the imidazole ring of purines. Additional data have been obtained which} of nu 
prove that formate furnishes only 1 carbon atom in the histidine molecule,| chlor 





namely the carbon at position 2 of the ring. ' was 
cold 
EXPERIMENTAL Th 


Incubation of Radioactive Formate and Glycine with Yeast—A small| of 6 
sample of a stock broth culture of Saccharomyces cerevisiae! was trans-| vacuc 
ferred to a sterile basal medium of the following percentage composition: | 2 lit 
glucose 2.0, yeast extract? 0.5, ammonium sulfate 0.2, potassium dihy-| solut 
drogen phosphate 0.2, magnesium sulfate 0.05, calcium chloride 0.025,| from 
The incubation mixture was aerated and maintained at 30°. After sev-| Amb 
eral subcultures had been grown under these conditions, the organisms} by \ 
were transferred to a 12 liter round bottom flask containing 6 liters of| cipit 
medium, and the preparation was cultivated for 12 hours. During this) Glut 
period, 750 ml. of a solution of 20 per cent glucose were slowly introduced, chlo 
a solution of sodium bicarbonate was added as required to maintain a pH} tidi 
of approximately 5, and the contents of the flask were efficiently stirred! Was 
and rapidly aerated. The labeled substrate (355 mg. of sodium formate! abo 
or 380 mg. of glycine) and 1 liter of sterile medium were then introduced, | or a 
and the incubation was continued for an additional 12 hours under the} acti 
conditions just described. The radioactive cells were harvested with the | tent 
aid of a Sharples laboratory supercentrifuge. The yield of moist yeast | mix 


[ 

1The yeast culture was obtained from the Department of Bacteriology, School | , 
of Medicine, University of Pennsylvania. Bean 
* Difco dehydrated Bacto-yeast extract. me' 
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was 175 gm. in the formate experiment and 135 gm. in the glycine experi- 
ment. 

Incubation of Radioactive Bicarbonate with Yeast—A culture of yeast 
which was grown for 20 hours in 6 liters of medium yielded 150 gm. of 
moist cells. The yeast was then distributed equally among six 500 ml. 
flasks, each of which contained 100 ml. of sterile medium previously ad- 
justed to pH 6.5. They were flushed with oxygen, and, after 3.5 mg. of 
radioactive sodium bicarbonate in 0.5 ml. of solution had been added to 
each flask, they were stoppered and shaken in a constant temperature 
bath at 30° for 8 hours. The yeast was recovered by centrifugation. 

Isolation of Amino Acids—The radioactive moist yeast from each ex- 
periment was suspended overnight in 300 ml. of acetone, and the insol- 
uble material was then repeatedly extracted with a warm solution of 
equal parts of alcohol and ether. The precipitate was transferred to 
300 ml. of cold 5 per cent trichloroacetic acid, and the mixture was chilled 
for 8 hours in an ice box. The resulting protein precipitate was washed 
thoroughly with additional amounts of the cold reagent, and then freed 
of nucleic acids by suspension overnight in 400 ml. of 10 per cent sodium 
chloride at steam bath temperature. The extraction with salt solution 


'was repeated, and the protein residue was subsequently suspended in 
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cold trichloroacetic acid in order to remove most of the residual salt. 

The protein thus obtained was hydrolyzed for 16 hours with 200 ml. 
of 6 N hydrochloric acid, and the solution was repeatedly concentrated in 
vacuo, decolorized with activated charcoal, and diluted to a volume of 
2 liters. The dicarboxylic amino acids were removed by passage of the 
solution over a column of Amberlite IR-4B, and histidine was separated 
from the other dibasic amino acids by the use of two columns of buffered 
Amberlite IRC-50 cation exchange resin, according to a scheme proposed 
by Winters and Kunin (11). Tyrosine was obtained by isoelectric pre- 
cipitation from the effluent from the second column of IRC-50 resin. 
Glutamic acid, aspartic acid, and arginine were isolated as the hydro- 
chloride, the copper salt, and the monoflavianate, respectively. His- 
tidine was purified by the formation of the silver complex at pH 7.4, and 
was isolated as the bis-3 ,4-dichlorobenzenesulfonate (12) in the amount of 
about 400 mg. of the salt per 100 gm. of moist yeast. The amino acids 
or amino acid derivatives were in all cases recrystallized to constant radio- 
activity, and were found to give satisfactory values for total nitrogen con- 
tent as determined by the Kjeldahl procedure with the use of the catalyst 
mixture recommended by Chibnall, Rees, and Williams (13). 

Degradation of Histidine—The reactions employed in the partial de- 
gradation of histidine are outlined in the accompanying diagram. The 
methyl ester of histidine dihydrochloride was prepared on a small scale 
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Procedure for Degradation of Histidine 




















COOH CO.CH; 
| | 
CHNH, CHNH, 
| | 
CH. CH, 
(3) CHOH C.H;COCI 
(4)C—N HCl C——N Na.cO; 
| NN | X 
CH (2) i CH 
if | ral 
(5) CH—NH CH—NH 
(1) 
.2C,H,80;Cl. CO.CH,; 


CHNH—COC,H; 


| 


CH: + HCOOH 
| 

CNH—COC.H; 

! 

CHNH—COC.H; 


according to the procedure of Pauly (14), and the imidazole ring of the 
ester was opened by the method of Kossel and Edlbacher (15) to yield 
methyl 2,4 ,5-tribenzamido-4-pentenoate, which remained in the benzoy! 
chloride layer of the reaction mixture. The formic acid in the aqueou 
layer was oxidized with Denigts’ reagent (16, 17) to carbon dioxide, 
which was collected as barium carbonate. Although formic acid has 
been reported as a product of the benzoylation of certain other imidazole 
compounds (18, 19), it has not been described previously as arising from 
histidine in this reaction. 

Determination of Radioactivity—Acetone suspensions of the finely pow- 
dered histidine disulfonate samples were evaporated on aluminum disks 
to give smooth and uniform plates of the compound. Arginine mono- 
flavianate, glutamic acid hydrochloride, and tyrosine were also plated 
directly, but the samples of copper aspartate and the compounds obtained 
in the degradation of histidine (Table II) were oxidized to carbon di- 
oxide (20) and then converted to barium carbonate before they were 
counted. The plates were assayed for radioactivity at a fixed distance 
from a self-quenching Geiger tube with a thin mica window. The count 
per minute in excess of background were subjected to coincidence corrections, 
and they were then corrected to activities at zero thickness in order that th 
counts on the barium carbonate samples and on the plates of the organic com 
pounds might readily be compared. 
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Results 


Experiments with Labeled Formate and Glycine in Growing Yeast—Sam- 
ples of the proteins obtained in the two experiments with growing yeast 
were spread on disks, and were found to have approximately the same 
radioactivity. The specific activities of the amino acids isolated from 
the proteins are given in Table I. From these data it is clear that for- 
mate-C' was readily incorporated into the histidine, but that glycine- 
1-C“ was not utilized for this purpose. These findings obviously indi- 
cate that the imidazole ring of histidine is not synthesized in the same 
manner as is that of the purine bases. It is apparent that glycine and 
formate do not contribute directly to the formation of the other amino 


TABLE | 
Distribution of Radioactivity in Amino Acids of Yeast Proteins 





C.p.m. per mg. carbon 











Compound administered — l : i 
Histidine |e | Arginine Aopeerts Tyrosine 
Formate-C!4 |} 36x 10° | 10,200* | 15 | 21 26 10 
| 10,640f 
Glycine-1-C14 36 X 10° 2 5 8 18 0 
Bicarbonate-Ct 45 X 108 45 62 96 440 10 
*Counted as a plate of barium carbonate. 
t Counted as a plate of histidine disulfonate. 
tThe bicarbonate experiment was carried out under somewhat different con- 
ditions from those employed in the experiments with formate and glycine (see the 


text). 


acids listed in Table I. The absence of an appreciable amount of radio- 
activity in the tyrosine samples appears to be in accord with the findings 
of Gilvarg and Bloch (21, 22). These investigators have obtained evi- 
dence that in growing yeast the benzene rings and the side chains of 
phenylalanine and tyrosine are derived from a 6-carbon unit and a 3- 
carbon unit, respectively, and that these precursors are formed rather 
directly from glucose. 

Administration of Radioactive Bicarbonate to Unaerated Suspension of 
Yeast—Because the yeast grown in the presence of labeled formate was 
subjected to vigorous aeration at pH 5, any radioactive carbon dioxide 
formed must have been rapidly removed from the medium. It seems 
unlikely, therefore, that the radioactive formate was oxidized to carbon 
dioxide as an obligatory step before it contributed to the biosynthesis of 
labeled histidine. To obtain further evidence on this point, sodium bi- 
carbonate-C™ was incubated with an unaerated yeast suspension in sealed 
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flasks. The histidine isolated from this experiment was found to exhibit 
only slight radioactivity, as may be seen in Table I; nevertheless, the 
yeast utilized the labeled bicarbonate for other purposes, for the aspartic 
acid was shown to have an appreciable activity. Although it is difficult 
to draw a final conclusion from this experiment, the results favor the 
view that bicarbonate does not participate directly in the synthesis of 
histidine. It may be concluded tentatively, therefore, that formate does 
not undergo oxidation prior to its participation in this metabolic pathway, 

Degradation of Labeled Histidine—In order to establish conclusively 
the position entered by the formate, the histidine from this experiment 
was degraded according to the procedure previously outlined. To 249 
mg. (0.41 mm) of the disulfonate, 313 mg. (1.64 mm) of non-radioactive 
dry histidine monohydrochloride were added as a carrier, and the methy| 


TaBLe II 


Distribution of Radioactivity in Histidine of Yeast Proteins after Administration 
of Formate-C 





C.p.m. per mg. carbon 





| 
Compound | a ———— 
| Calculated | Found* 
Histidine methyl ester, dihydrochloride........... 1,790t 1,660 
Methyl 2,4,5-tribenzamido-4-pentenoate.......... 0 1 


DEST LITO E GV0 | ag gt EA ae en seer | 11,620 | 11,690 
| 





* The compounds were all converted to barium carbonate before being counted. 
+ Calculated from the average value for the histidine (see Table I): 10,420 x 
1/5 X 6/7 = 1786. 


ester dihydrochloride was then prepared. The yield of the first crop was 
313 mg., or 63 per cent of the theoretical amount; the melting point was 
196° (corrected). Taking into account the dilution of the radioactive 
histidine by the carrier and by the methyl carbon which was introduced, 


one would expect a specific activity of 1790 in the product. The exper 
mental count recorded in Table II is in satisfactory agreement with this 


value. 


The imidazole ring of the methyl ester of histidine was decomposed 
by the benzoylation procedure to give methyl tribenzamidopentenoate in 
65 per cent of the theoretical yield. The recrystallized compound was 
identified as follows: m.p. 219-220° (15); [a]?> = —50.0° (2.00 per cent 
solution in pyridine);? nitrogen 8.85 per cent (calculated 8.92). This 
compound was found to exhibit only an insignificant trace of radioac- 


3A sample of authentic methyl tribenzamidopentenoate exhibited the same 


specific rotation under these conditions. Langenbeck (23) reported [a]}8, — 52.4°. 
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tivity. The formic acid resulting from the benzoylation procedure was 
then oxidized to carbon dioxide, which was converted to barium carbon- 
ate. On the assumption that C“ was present only in position 2 of the 
ring, this single carbon should have an activity 7 times as great as that 
found for the methyl ester of histidine, or 11,620. The actual count was 
in close agreement with this calculated value. 


DISCUSSION 


The present results not only rule out the purine bases as a source of 
the imidazole nucleus of histidine in yeast, but also furnish evidence 
that certain cyclic precursors of purines, such as 4-amino-5-imidazole- 
carboxamide (24, 25), do not participate directly in the formation of the 
amino acid. The finding of Broquist and Snell (8) that purines stimulate 
the growth of lactic acid bacteria in the absence of added histidine may 
indicate that the synthesis of the amino acid proceeds in a different fash- 
ion in these bacteria. Another possible interpretation of their observa- 
tion, however, is that some mechanism less obvious than the transfer of 
the intact imidazole ring is involved. For example, the purine nucleus 
may serve primarily as a donor of formate for the biosynthesis of the 
amino acid. 

The inability of laboratory animals to synthesize histidine suggests 
that, in these species, one or more metabolic steps are missing which pro- 
ceed readily in man and in many microorganisms. It is of interest, there- 
fore, that a number of compounds have been tested for their ability to 
form histidine in the growing rat. The corresponding keto acid (26) and 
hydroxy acid (26, 27) apparently can be aminated to form the amino 
acid, but a series of other substituted imidazoles (27), as well as adenine 
and guanine (28), thiolhistidine (29), a,6-diamino-y-ketovalerate (29), 
ergothioneine (30), and 1-methylhistidine (31) are not effective precursors. 
Ina study of the relationship of folic acid to formate metabolism in the 
intact rat, Plaut, Betheil, and Lardy (32) found no incorporation of for- 
mate into the histidine of the liver or visceral proteins. The inability 
of formate to be utilized for this purpose may explain, at least in part, 
the failure of the rat to synthesize the amino acid. 

Formate was first described by Edlbacher and his associates (33) as 
one of the products of histidine catabolism in mammals. Further evi- 
dence to support this view has recently been reported by Sprinson (34), 
who has found, in collaboration with Rittenberg, that histidine-2-C™ fur- 
nishes ‘formate’ for the ureide carbon atoms of uric acid. Bouthillier* 
has administered this amino acid, labeled in the same position, to rats, 


‘L. P. Bouthillier, private communication. 
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and has found that the serine of the isolated proteins is highly radioae. 
tive. This is also an indication of the production of formate, sinc 
Sakami (35) has shown that formate is involved in the biosynthesis oj 
serine. It appears possible, in view of our present information on the 
role of formate, that the synthesis of histidine may involve to some ex. 
tent a reversal of the catabolic pathway. 

In a preliminary report from this laboratory (1), it has been pointed 
out that acetate-2-C™ is not a direct precursor of radioactive histidine in 
growing cultures of S. cerevisiae. Ehrensvard, Reio, and Saluste (36 
have found, however, that the histidine of the proteins becomes labeled 
when Torulopsis utilis is adapted to acetate and then grown on this labeled 
substrate as the sole source of carbon. Under the conditions employed 
by the latter group of investigators, both direct and indirect pathways 
for the incorporation of acetate into amino acids are, of course, readily 
detected. Our evidence that acetate does not play a primary réle in the 
biosynthesis of histidine will be presented in a subsequent paper, together 
with further studies on the source of the carbon chain of the amino acid 
and a scheme for the complete chemical degradation of the molecule. 


The authors wish to acknowledge the technical assistance of Mrs 
Grace S. Greene and Mrs. Isabelle 8. Williams and to express their ap- 
preciation to Mr. John F. Aronson for his help in the isolation of the 
amino acids. 


SUMMARY 


Histidine and certain other amino acids have been isolated from the 
hydrolyzed proteins of yeast cultures which were incubated in the pres: 
ence of isotopically labeled compounds. Three substrates have been 
tested as possible precursors of histidine. 

1. Formic acid-C" is an excellent source of radioactive histidine in 
growing yeast. It has been established by chemical degradation that 
formate furnishes only 1 carbon in the molecule, the amidine carbon 
(position 2) of the imidazole ring. 

2. Glycine-1-C™ is not a precursor of radioactive histidine in growing 
yeast. Glycine is known to contribute to purine formation in this or 
ganism, and it may be concluded, therefore, that the imidazole ring 
histidine does not arise from the corresponding ring of the purine bases. 

3. Bicarbonate-C" does not appear to be a direct source of labeled 
histidine in unaerated suspensions of yeast. This finding suggests thal 
formate does not undergo oxidation to carbon dioxide prior to its partic 
pation in the biosynthesis of histidine. 
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RATES OF GLUCOSE PRODUCTION AND OXIDATION IN 
NORMAL AND DIABETIC RATS 


By DEWITT STETTEN, Jr., ISAAC D. WELT, DWIGHT J. INGLE, ann 
ERVING H. MORLEY 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of the City of New York, Inc., New York, New York, and the Research 
Laboratories, The Upjohn Company, Kalamazoo, Michigan) 


(Received for publication, February 14, 1951) 


Variations in the rates of glucose production and utilization by the in- 
tact rat have been studied both by the technique of continuous intra- 
venous injection (1) and the isotope technique (2). The present report 
deals with the results of a collaborative effort in which the two approaches 
have been merged with the intent of evaluating these rates under various 
conditions. Rats under barbiturate anesthesia were given a constant 
intravenous injection of a solution containing uniformly labeled C'-glucose 
at such a rate as to provoke continuous glucosuria. The injection was 


‘continued until a plateau, a fairly constant level of radioactivity in the 
‘urinary glucose, was achieved, at which time its specific activity was com- 


pared with that of the glucose being infused. This ratio, considered in 
conjunction with the known rate of glucose injection, permitted the cal- 
culation of r, the rate at which glucose was being generated from non- 
isolopic precursors, since 


(1) a(r + R) = AR 


whence 


(2) r= a(S = :) 
a 


Where 2 is the rate of injection, in mg. of glucose per hour per rat, and A 
and a are the specific activities of injected and excreted glucose respec- 
tively. Obviously only the rate of generation of glucose from carbon 
sources Which were not derived from glucose during the experimental period 
is measured by the method employed. It clearly does not include such 
contributions to body glucose which resulted from resynthesis from pre- 
cursors which had themselves arisen from glucose during this period. 

Experiments have been conducted upon rats previously untreated, phlo- 
thizinized rats, and on rats rendered diabetic by injection of alloxan. In 
all cases, rats were fasted prior to the experiment in order to minimize 
any contribution of sugar from the gastrointestinal tract. In the previ- 
ously untreated animals a relatively high injection rate, 333 mg. of glu- 

817 
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cose per hour, was found necessary to insure glucosuria and as a cong. 
quence a greater error in r, +Ar, resulted from a given error ing 
This fact is apparent from Equation 3 which is obtained by differentiatioy 
of Equation 2 with respect to a. 


(=) 
(3) Ar = FAal — 
a2 


In the alloxanized and phlorhizinized animals, the rate of infusion, R, 
could be reduced to 83.3 mg. of glucose per hour, with a consequent smaller 
error in the calculated rate of glucose production. 

In addition to urinary glucose, expired CO: was collected through a 
tracheal cannula during that period of time when the specific activity of 
urinary glucose was at a plateau level. In contrast to the situation with 
glucose, the specific activity of CO., under the present experimental con- 
ditions, fails to attain a plateau in a reasonable period of time, in con- 
formity with the results obtained by others under somewhat different 
conditions (3). The observed continuous increase in specific activity of 
CO, is undoubtedly attributable to the increasing contribution of C™0; 
from the oxidation of such other metabolites as the body forms from glucose, 
and this increase may be expected to continue until every carbon atom 
which is derivable from glucose in the body of the rat has attained a steady 
isotope concentration. These considerations introduce a difficulty into 
any estimate of the rate of biological oxidation of glucose which is based 
upon the experimental determination of the ratio of specific activity in 
glucose to that in CO: (3, 4). It appears to the present workers that the 
basis of this difficulty lies in the meaning assigned to the phrase ‘oxidation 
of glucose.”” Carbon atoms of CO, can, on the one hand, arise from glucose 
by fairly direct pathways of glycolysis and oxidation, and, on the other 
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hand, glucose carbon can be delivered to CO: by devious channels in which | 


other metabolic intermediates such as the fatty acids or certain amino 


acids intervene. The extent to which these indirect pathways are in- | 
cluded in the definition of “oxidation of glucose” is doubtless determined | 
by the experimental procedure employed, but it is not possible, in the | 
present procedure, to assess with any precision the quantities of CO, | 


which have arisen from glucose over one or over another pathway. 


Despite these difficulties it is of interest to compare the specific activities | 


of exhaled CO, with those of circulating glucose under various experimental 
conditions. This ratio is equal to the fraction of CO. which has been de- 
rived by any pathway from glucose at a given time under given conditions. 
This fraction multiplied by the quantity of CO, exhaled per hour gives the 
corresponding quantity of CO, derived from glucose per hour, again at that 
time and by any pathway, and from this value the rate of complete oxi- 
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dation of glucose, as defined by this experimental procedure, can be com- 
puted. 

Glycogen was isolated from the livers of the normal and the phlorhi- 
inized animals at the termination of each experiment. No glycogen 
could be recovered from the livers of the alloxan-diabetic rats. 

EXPERIMENTAL 

Preparation of C-Glucose—A sample of ethanol-extracted bean leaves 
which had previously been allowed to form starch in an atmosphere con- 
taining C“%O. was kindly supplied by Dr. Martin Gibbs. T a starch, 
after isolation (5), was heated under a reflux for 30 minutes in 2 N H.SOx. 
Sulfate ions were removed by treatment of the resultant solution with the 


calculated amount of BaCO, and the filtered solution was finally passed 
through columns containing Amberlite resins 1R-100-H and IR-4B. To 








TABLE | 
Composition of Fluid Diet 

i. | gm. gm. 
Cellu flour (Chicago Dietetic Supply | Mazola oil.......... 190 

House) . zh Gan 120 Casein (Labco)..... 160 
Osborne- Mendel salt mixture. Biron @) | Starch .......... ae 200 
Pred yeast (Pabst). -. ...c. 15. ee ' 100 | Dextrin........ me! 190 
WitedesSOEMOMs 155.00 a6. esas e en cepee 10 | Sucrose ...... 200 
Cod liver oil. Si a haere ae eae ea 10 | Water to make enti al 
Mazola oil + 100 mg. , vitenin ae. foes, 108 OR. aoe P 2000 
this solution, 300 gm. of anhydrous glucose were added as carrier. After 


the material had been concentrated in vacuo to a syrup, about 2 liters of 
ethanol were added, and crystallization induced by seeding at 55° (6). 


CeHy20¢. Calculated, C 40.0, H 6.7; found, C 40.1, H 6.5 


The product exhibited 1400 ¢.p.m. per milliatom of C and one further 
recrystallization from aqueous ethanol at 55° resulted in no significant 
change in this figure. 

Animal Experiments—Male rats of the Sprague-Dawley strain were fed 
a stock diet of Archer dog pellets until they reached a weight of 240 to 
200gm. The animals were then adapted to the forced feeding of a medium 
carbohydrate fluid diet (Table I) in amounts of 13 ml. each morning and 
late afternoon for 14 days or longer prior to experimentation. A period 
of 24 to 48 hours of fasting preceded the actual experiment (see below). 
On the morning of the experiment the rats were anesthetized by injection 
of eyclopal sodium, 11 mg. per 100 gm. of body weight. Through an 
abdominal incision, the tip of the bladder was excised, and a small plastic 
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tube was inserted into it and tied into position for the continuous collection 
of urine. A metal cannula was fitted tightly in the trachea and was con. 
nected to a closed glass and rubber system (Fig. 1) for the exchange of 
CO, and oxygen. A motor-driven device “milked” a rubber tube, causing 
the expired gas to he bubbled repeatedly through 234 ml. of 2.7 n NaOH 
solution. The system was connected to an oxygen bag which permitted 
O: to bubble from beneath the surface of the NaOH, thereby preventing 
the mixing of expired CO, with the contents of the oxygen bag. The 
testing of this system for the collection of known amounts of CO, showed the 
recovery to be virtually complete. 

Solutions of C-glucose containing 0.78 mg. per ml. of cyclopal sodium 
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Fic. 1. Diagram of relationships of accessory apparatus to the anesthetized rat. 
Some details of the apparatus are omitted and others have been exaggerated in size. 


for the maintenance of anesthesia were administered into the saphenous 
vein by a continuous injection apparatus at the rate of 20 ml. during each 
6 hour period. 

Normal rats were fasted for 24 hours and were given C'-glucose at a 
concentration of 10 per cent (333 mg. per rat per hour) for a period of 6 
hours. Urine was collected for analysis at hourly intervals for the last 4 
hours and the expired CO, was collected for analysis during the last 4 
hours. 

Phlorhizin glucosuria was induced by the subcutaneous injection of 25 
mg. of phlorhizin in 0.5 ml. of olive oil each morning and late afternoon 
for 48 hours, prior to the experiment. The rats were fasted for this 48 hour 
period. The values for blood glucose just prior to the experiment ranged 
from 55 to 90 mg. per cent. These rats were given C4-glucose at a con- 
centration of 2.5 per cent (83.3 mg. per rat per hour) for a period of 6 
hours. Urine was collected for analysis at hourly intervals for the last 4 


hours ‘ 
hours. 
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hours and the expired CO, was collected for analysis during the last 4 
hours. 

Alloxan diabetes was induced by the injection of alloxan into the sa- 
phenous vein at a dose of 28 mg. per kilo of rat. Only severely diabetic 
rats were selected for experimentation. The range of values for their 
uinary glucose was 6.1 to 7.8 gm. per 24 hours. The rats were fasted for 
4 hours prior to the beginning of the tests. C'*-Glucose was given at a 
concentration of 2.5 per cent (83.3 mg. per rat per hour) for a period of 12 
hours. Urine was collected at hourly intervals for the last 6 hours and the 
expired CO, was collected for analysis during the last 4 hours. 

In one experiment upon a normal rat a considerably more radioactive 
ample of glucose (25,200 ¢.p.m. per milliatom of C) was employed. The 
injection fluid in this case contained 8.89 per cent of glucose (296 mg. per 
rat per hour). In this experiment the injection was continued for 12 
hours and not only hourly urine samples but also hourly CO, samples 
were collected separately. 

Expired CO.—Aliquots of the alkaline solution containing expired CO, 
were analyzed in the Van Slyke manometric apparatus, and BaCO; was 
prepared, plated out, and counted by procedures previously described (7). 

Liver Glycogen—The entire liver, excised at the end of the experiment, 
was digested in hot 30 per cent KOH, and glycogen was precipitated and 
purified as previously described (7). 

Urinary Glucose—To each hourly urine sample were added 1 ml. of 
redistilled phenylhydrazine and 2 ml. of an acetate buffer (50 mg. of sodium 
acetate + 60 mg. of acetic acid per ml.), and the mixture was heated at 
100° for 50 minutes. 5 ml. of cold H,O were added and, after 3 hours of 
refrigeration, phenylglucosazone was removed by filtration and washed 
with cold acetone. The product was recrystallized from aqueous methanol 
and the resultant crystals of typical form were removed by filtration, 
washed with alcohol and ether, and dried in vacuo over P2Qs. 


CisH20,N;. Calculated. C 60.3, H 6.2, N 15.6 
Found. “ 60:5, © 6.4, “ 15.4, ash 02 


Further recrystallization of this product, in several samples, failed to alter 
significantly the specific activity. Likewise transformation of this material 
to phenylglucosatriazole (8) had no effect on the specific activity of the 
glucose moiety. 

All specific activities were determined for organic compounds after a wet 
ashing and conversion to BaCOs by procedures previously described (7). 


Results 


Rates of Glucose Production —When glucose was injected into normal rats 
at the rate of 333 mg. per hour, the specific activity of urinary glucose was 
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found to have approached an asymptotic value after 2 hours and showed 
little tendency to rise further in the 4 succeeding hours (Fig. 2). It has 
been assumed in this and subsequent experiments that the urinary gluco 
is a representative sample of the simultaneously circulating blood glucose 
in so far as its radioactivity is concerned, an assumption recently verified 
experimentally by Feller et al. (4). The mean value of the specific activity 
of urinary glucose for eight normal rats over 4 hours has been substituted 
into Equation 2 to compute the rate of glucose production (Table IJ), and 
its standard error has been computed from the standard error of a by Equa. 
tion 3. From these calculations, it appears that the fasted anesthetized 
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Fic. 2. The specific activity of urinary glucose (counts per minutes per milliatom 
of C) in the normal rat. 











rat under these conditions produces glucose from sources not derived from 
infused glucose at a rate of 33.8 + 4.30 mg. per rat per hour. 

A similar analysis of the data obtained from the phlorhizinized animals 
(Fig. 3) infused with glucose at one-quarter the rate of the normals gave a 
value for the rate of glucose production of 31.0 + 1.83 mg. per rat per hour, 
which is not significantly different from the value obtained in the normal 
rats. This finding suggests that the rate of glucose production being 
measured is relatively independent of the glucose load. Had decrease in 
the glucose load resulted in an increase in gluconeogenic rate, this would 
have had to be exactly offset by a decrease in rate of glucose production 
consequent to phlorhizinization to account for the present results. The 
question of the relationship of glucose load to rate of glucose production will 
be the subject of future studies. 

When alloxanized rats were infused at the same rate as the phlorhizinized 
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nts, it was quite apparent (Fig. 4) that a plateau had not been achieved 
1 the interval from the 3rd through the 6th hour. This difference has 


Tas_e II 

Specific Activity of Urinary Glucose and Rate of Glucose Production 
The rate of glucose production, 7, has been calculated from the asymptotic value 
{the specific activity of urinary glucose, a, by Equation 1 of the text. The value 
ofr in the alloxan-diabetic rats has been calculated both on the assumption of a 
jhour plateau and on the assumption of a 3 hour plateau. The latter values are 
included in parentheses. 



































A, specific © 
Mean | R, rate of Pi a, mean specific 
bod aac activity of| Collec- Saar fan r, rate of glucose 
shady, | tees, Sneed [ion time] SU} of krinary | "atin 
gm. mg. per hr. wntiltatom hrs. €.p.m. —— mg. per hr. 
Normal............| 226 333 | 1400 3- 6 | 1271 + 14.9* 33.8 + 4.30T 
Phlorhizinized...| 221 83.3 | 1400 3- 6 | 1020 + 16.3 31.0 + 1.83 
Alloxan-diabetic.| 206 83.3 | 1400 7-12 921 + 13.3 43.3 + 1.83 
| | 10-12 | (955 + 14.9) | (88.8 + 1.91) 
* Standard error = +/2(d?)/(n(n—1 )). 
+ From Equation 2 in the text. 
lI 
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Fic. 3. The specific activity of urinary glucose in the phlorhizinized rat. The 
heavy line represents the average values. 
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been attributed to the increase in size of the “‘glucose pool” in the presence 
of pancreatic diabetes, requiring a longer period of preliminary washing 
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out before a steady state, isotopically speaking, is achieved. This jp. 
crease in size of the “glucose pool” incident to alloxan diabetes, which 
clearly includes such materials as are readily and reversibly formed from 
glucose, has recently been experimentally demonstrated (4). The duration 
of the experiment was consequently prolonged and urine collections carried 
out from the 7th through the 12th hour. At this time, a reasonably satis. 
factory plateau (Fig. 4) was attained in the plot of specific activity of 
urinary glucose versus time, and the mean of these values was treated as 
in the earlier series. The calculated rate of glucose production was 433 
+ 1.83 mg. per rat per hour. This value exceeds that in the phlorhizinized 
rats by 12.3 + 2.59 mg. per rat per hour, a highly significant difference, 
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Fig. 4. The specific activity of urinary glucose in the alloxan-diabetic rat 

















and exceeds that in the normal animals by 9.5 + 4.68 mg. per rat per hour 
(P < 0.05). Study of Fig. 4 suggests that a uniform plateau may not have 
been attained until the 10th hour, and therefore the data secured between 
the 10th and the 12th hours have been recalculated. When this is done 
(Table IT), a glucogenic rate of 38.8 + 1.91 mg. per rat per hour is obtained. 
Whereas this value is greater than that observed in the normal as well as in 
the phlorhizinized animals, the increment over the normal glucogenic 
rate, though suggestive, is not statistically significant. 

The results are taken to mean that, incident to pancreatic diabetes, 
a small increase over the normal, amounting to some 10 mg. per rat per 
hour, may occur in the rate of glucose formation. It must be stressed that 
this increase is small and should not be construed as in any sense supporting 
the view that ‘overproduction’ of glucose is the major metabolic defect 
in alloxan diabetes. 
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It should be reiterated that in all of these calculations the rate measured 
is that of glucose production from non-isotopic precursors. That many 
potentially glucogenic tissue constituents are acquiring radioactive carbon 
during the course of the experiment is indicated by the results of Wick e¢ al. 
3), but the present experiments do not permit evaluation of the magnitude 
of contribution from this source to C'-glucose. 

Oxidation of Glucose to CO.—The mean specific activity of the CO, ex- 


Tasie III 
Specific Activity of Expired CO. 
From the specific activities of CO2 collected during the last 4 hours, the quanti- 
ties of COs derived from glucose have been calculated. With the alloxan-diabetic 
rats, calculations based on the assumption of a plateau of 6 hours duration are given 


and also, in parentheses, calculations based on the assumption of a plateau during 
the last 3 hours. 





























Normal | Phlorhizinized | Alloxan-diabetic 
ae | vo, | Sele | cu | a |) Gee 
Specific activity Total COz activity | Total CO2z | activity Total COz 
Ronn m es al ae en ee a eee 
c.p.m. per milliatom C | mM hm Ri mM | ‘em ber mM 
198 | 9.6 | 34 =|) «11. 109 8.6 
340 | 18.8 | 79 10.5 60 19.8 
253 10.1 108 11.7 92 14.1 
262 12.2: | so | 11.4 | 106 14.6 
400 24.0 | 69 7 | 87 10.5 
334 15.5 | 47 wo | 71 11.9 
226 14.6 | | | | 
285 7.5 | | | | 
Mean..... 287 we | @ | ee ho Roe 
CO: from % 22.6 ‘_ 7.0 9.4 (9.1) 


glucose mM per hr. 0.86) 0.19 0.31 (0.30) 





haled by each group of animals is given in Table III. In each case, these 
values represent the CO, exhaled during the last 4 hours of the experiment 
at a time when the specific activity of the urinary glucose, and presumably 
of the blood glucose, was at plateau levels. Considered together with the 
specific activities of simultaneously excreted urinary glucose samples and 
data for hourly total CO, elimination, these figures permit the calculation 
of the fraction of total CO, derived from glucose and its biological deriva- 
tives, as well as the actual quantities of CO, derived from these materials 
per hour. These calculations show (Table III) that the fraction of total 
CO. as well as the hourly yield of CO, derived from this source is markedly 
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subnormal in both the phlorhizinized and in the alloxan-diabetic rats 
In the phlorhizinized animals these decreases are probably attributable ty 
the lower level of blood glucose concentration. In the alloxan-diabetic 
animals, however, such an explanation is not possible. The finding st rongly 
indicates a definite inhibition incident to diabetes at some point or points 
along the pathway blood glucose — expired COs, although it is clearly 
not possible from the present experiments to specify the inhibited process, 
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Fic. 5. The specific activity of urinary glucose and expired CO, during intravenous 
administration of C'-glucose to a normal rat. 


When in the course of an injection of C'-glucose into a normal rat the 
collection of exhaled CO, was conducted fractionally at hourly intervals, it 
was found that the increase in specific activity of CO. proceeded rapidly 
initially and thereafter continued to rise in an approximately linear fashion 
during 12 hours of observation (Fig. 5). This finding is in accord with 
those of others (3) and is taken to mean that, with passage of time, pro- 
gressively more devious pathways of transfer of carbon from glucose to CO: 
were being included. It follows from this relationship that the more pro- 
longed the experiment, the larger will be the value of the fraction 
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Specific activity of glucose 
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and that consequently, if such data are to be employed in estimates of the 
rate of glucose oxidation, an arbitrary time must be selected. We have 
dected in the present calculations to employ the CO, exhaled after the 
gecific activity of circulating glucose had attained a plateau. Despite 
the somewhat arbitrary nature of this judgment, it is felt that useful in- 
formation is gained from comparison of the values obtained from the three 
types of experimental animals and that such comparison is essentially 
valid. It may be pointed out that, in so far as the alloxanized animals 
were carried for 12 rather than 6 hours, the deviation from the normal 
observed in the oxidation of glucose by these animals is probably less than 
that which actually occurred. 


























TaBLeE IV 
Specific Activity of Liver Glycogen 
Normal Phlorhizinized 
Specific activity Glycogen carbon Specific activity | Glycogen carbon 
c.p.m. per milliatom C y milliatoms c.p.m. per milliatom C | en -_ 
929 14.40 166 | 6.27 
1063 12.00 382 5.22 
1011 10.26 493 3.77 
980 13.62 309 4.11 
1151 10.28 271 4.50 
1082 | 15.96 95 3.50 
Mean..... 1036 12.75 286 4.56 
Glycogen derived from | 


glucose, % 82 28 





The smallness of the fraction of expired CO, arising from glucose, even 
in the normal rats, was an unexpected finding. Despite the fact that these 
rats were receiving glucose injections at a rate sufficient to provoke severe 
glucosuria, only some 23 per cent of all the CO: exhaled arose from glucose 
(Table III). The source of the remainder of the CO, is the subject of 
current study. 

Sources of Liver Glycogen—From the livers of the normal and the phlo- 
thizinized animals glycogen has been isolated and its specific activity de- 
termined. Comparison of these values with the specific activities of the 
urinary glucose samples (Table IV) permits estimation of the fraction of 
glycogen which arose from glucose and its derivatives. It has thus been 
calculated that a minimum of 82 per cent of the glycogen present in the 
livers of the normal animals had arisen from these sources during the experi- 
mental period. The corresponding figure for the liver glycogen in the 
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phlorhizinized rats was 28 per cent, and this difference has again been 
attributed to the lower blood glucose concentration in the latter group, 
No glycogen was recovered from the livers of the alloxan-diabetic rats, 


DISCUSSION 


In Table V is presented a summary of the present experiments, in which 
all values have been normalized to 100 gm. of rat and the CO» data have 
been recalculated on the assumption that such glucose as is oxidized is 
transformed completely to CO:. From the values in Table V it will be 
seen that in the present preparations the rates of glucose production and 
glucose oxidation are of the same order of magnitude in the untreated 
animal. In the phlorhizinized animal, a marked impairment in glucose 
oxidation is apparent, whereas the rate of glucose formation is unaltered. 
In pancreatic diabetes there appears to be a small increase in the rate of 
glucose production, although statistically this may not be significant. 


TABLE V 
Glucose Production and Oxidation 
The results are expressed in mg. per 100 gm. of rat per hour. 














Glucose | Normal Phlorhizinized Alloxanized 
ROO cscs crs eieresctetcd eg g's ole 15.0 14.0 21.0 (18.8) 
Oxidized to COs3................ big We 2.6 4.5 (4.4) 





There is little question, however, that a decrease in the rate of oxidation of 
glucose has occurred in this condition, despite the elevation in blood 
glucose concentration accompanying the disease. 

The present results are in accord with those recently published by Wick 
et al. (3), who have employed a technique similar to that used here. Ina 
study of the oxidation of glucose by the eviscerated rabbit continuously 
injected with C'-glucose, they have found a definite increase in oxidation 
to CO, incident to treatment with insulin. These authors feel that their 
results clearly establish that extra insulin enhances this fate of glucose. 
Conversely the present experiments would appear to establish that in 
pancreatic diabetes the oxidation of glucose to CO, is inhibited. 

The present results are in apparent contrast to those recently published 
by Feller et al. (4). After a single injection of C'*-glucose into fed rather 
than fasted rats, these authors determined the ratio of specific activity of 
exhaled CO, to that of simultaneously circulating blood glucose. They 
fully appreciate that, in view of the rapid decline which they observed in 
specific activity of blood glucose, the interpretation of such a relationship 
requires the assumption that virtually no time elapses between the instant 
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of removal of a molecule of glucose from the blood stream and the moment 
of appearance of CO, derived from it in the expired air. This assumption 
appears improbable to the present workers, and indeed there is evidence 
in the paper of Feller et al. (4) that it is not valid. Thus they find that 
approximately 1 hour elapses between the moment of injection of C'*-glu- 
cose and the time of attainment of maximal radioactivity in expired CO». 
Whatever factors produced this delay in the 1st hour may be presumed to 
be operating during succeeding hours also. Feller et al. (4) cite as evi- 
dence in support of their assumption the claim that the hemilogarithmic 
plots of specific activity versus time for blood glucose and CO, are parallel. 
Careful study reveals that these lines, as they plot them, converge ap- 
preciably, a convergence which is reflected in their own calculations. It is 
perhaps worth noting that, whereas the California group failed to find 
an inhibition of oxidation of glucose in the intact diabetic rat, the same 
laboratory (9) has more recently reported the occurrence of precisely such 
an inhibition when liver slices derived from the diabetic rat were studied. 

The present procedure was designed to avoid the necessity of this 
assumption made by Feller et al. In order to do this, a constant level of 


_ specific activity in circulating glucose has been maintained, in so far as 


possible, and this has necessitated the use of anesthetized animals. An- 
esthesia undoubtedly introduces a disturbance in physiology, but it is 
noteworthy that even in the experiments of Feller et al. (4) etherization 
was necessary both at the beginning and at the end of each experiment. 

It has previously been established (10) that the diabetic rat is less com- 
petent than the normal rat to employ glucose in lipogenesis, a finding 
recently confirmed in a study of liver slices (9). From the present results, 
it is concluded that the diabetic rat exhibits a similar inhibition in the oxi- 
dation of glucose to CO:. From the fact that Wick et al. (3) report an 
increase in the appearance of glucose carbon atoms in all products ex- 
plored, incident to insulin administration, it may be inferred that the lack 
of insulin affects all fates of glucose adversely. 


The authors wish to express their gratitude to Miss Mildred C. Prestrud, 
Miss Kathryn E. Thomas, and Mr. Harold I. Nachimson for assistance in 
the performance of various analytical procedures. 


SUMMARY 


By means of continuous intravenous injection of a solution of C"™- 
glucose into anesthetized rats, constant levels of specific activity of urinary, 
and presumably circulating, glucose have been attained in untreated, 
phlorhizinized, and alloxan-diabetic rats. 

From the specific activities of injected and excreted glucose and the 
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rate of injection, the rate of formation of glucose from sources not derived 
from the infused glucose has been calculated. This rate, found to be 14 
to 15 mg. per 100 gm. of rat per hour in the normal and in the phlo- 
rhizinized animals, exhibited a statistically barely significant increase to 
about 21 mg. per 100 gm. of rat per hour in the alloxan-diabetic rats. 

From the specific activity of the exhaled COs, a marked decrease in the 
rate of total oxidation of glucose was observed incident to phlorhizin or 
alloxan administration. The normal rat was estimated to oxidize 11.5 
mg. of glucose per 100 gm. of rat per hour, whereas the phlorhizinized and 
alloxan-diabetic rats oxidized 2.6 and 4.5 mg. per 100 gm. per hour re- 
spectively. 
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THE INHIBITION OF XANTHINE OXIDASE BY 
FLAVONOIDS AND RELATED COMPOUNDS 


By J. M. BEILER anp GUSTAV J. MARTIN 


(From the Research Laboratories, The National Drug Company, Philadelphia, 
Pennsylvania) 


(Received for publication, March 19, 1951) 


Investigations of the inhibition of the activity of xanthine oxidase in 
vitro have yielded a number of substances which have been reported to 
exert marked inhibitory actions at low concentrations. Among these are 
p-aminophenol in its oxidized form (1), pyrogallol (2), bromoacetophenone 
(3), 6-pteridylaldehyde (4), and 6-hydroxymethylpterin (5). 

An examination of the structures of these compounds reveals that they 
have as a common characteristic the possession of hydroxyl or carbonyl 
groups. These groups, at least in the case of the pteridines, appear to be 
necessary for the inhibitory action. It has been reported, for example, 
that blocking the aldehyde group in 6-pteridylaldehyde (4) causes a loss 
of inhibitory action. 

These facts suggested that compounds of the flavonoid type, which are 
rich in hydroxyl groups and are known to form quinonoid compounds in 
biological systems (6), might prove to be effective as inhibitors of xanthine 
oxidase. 


EXPERIMENTAL 


Xanthine oxidase activity was determined manometrically by a modi- 
fication of the method of Axelrod and Elvehjem (7), with rat liver as a 
source of the enzyme. The liver was ground with sand in 3 volumes of 
0.039 m phosphate buffer of pH 7.4, containing equal amounts of sodium 
and potassium ions. The homogenate was then centrifuged and the super- 
natant used in the experiment. The Warburg apparatus was used for 
determinations of the activity of the tissue extract. In the center cup 
were placed 1.7 cc. of the extract and 0.5 ce. of a solution of the compound 
being tested. The center well contained 0.4 cc. of 10 per cent KOH and 
a small piece of rolled up filter paper, while the side bulb contained 0.15 
ce. of 0.05 m xanthine in 0.05 mM NaOH. 

The cups were attached to the manometers and allowed to come to 
temperature equilibrium (37°) for 10 minutes. The stop-cocks were then 
closed and readings were taken every 10 minutes for 40 minutes in order 
to determine the rate of endogenous oxygen uptake of the tissue extract. 
At the end of the 40 minute period this figure had usually fallen to a low, 
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constant value. The contents of the side bulb were then tipped into the 
center compartment and readings were taken at 15 minute intervals for 
45 minutes. Controls were run without added xanthine to give figures for 
endogenous oxygen uptake. These figures were subtracted from those ob- 
tained with the cups containing xanthine and the difference was taken as 
being the oxygen uptake due to the oxidation of xanthine alone. Controls 
were also run without added inhibitors. A comparison of the oxygen up- 
take due to xanthine oxidation in these and in the cups containing an 
added substance showed whether there was any inhibitory effect. Xan- 
thine oxidase activity was expressed in units (ec.mm. of O, uptake per gm., 
dry weight, of liver per hour), as suggested by Westerfeld and Richert (8). 
The control values obtained averaged about 1200 such units, as compared 
to about 1500 reported by Westerfeld and Richert. 


RESULTS AND DISCUSSION 


The results obtained with some of the first compounds tested indicated 
that the flavonoids might be more active as inhibitors of xanthine oxidase 
in the chalcone than in the closed ring form. Accordingly a number of 
substituted chalcones were synthesized in an effort to demonstrate some 
relation between the type and position of the substituents and activity. 
A number of simpler compounds, which it was thought might be active, 
were also prepared. The synthetic methods employed for some of these 
compounds will be reported elsewhere. 

The results are summarized in Table I. It is apparent that chalconiza- 
tion increases inhibitory activity, since as a group the chalcones tested 
were more active than corresponding compounds with a closed ring struc- 
ture. The difference in activity between hesperidin and hesperidin methyl- 
chalcone, for example, is very great. The only compounds showing activ- 
ity comparable to that of some of the chalcones tested were esculetin and 
4-methylesculetin. It is possible that this activity is due to a type of 
chalconization, since the pyran ring in these compounds will open rela- 
tively easily in solution. It is interesting to note that blocking the hy- 
droxyl group on position 6, as in esculin, or removing it, as in 4-methyl- 
umbelliferone, causes a loss in activity. 

From a consideration of specific functional groupings it would appear 
that activity resides in the hydroxyl and keto groups. Catechol, for ex- 
ample, is active. Addition of a side chain containing a keto group to the 
molecule (3 ,4-dihydroxyacetophenone) causes an increase in activity. The 
activity of the chalcones tested increases with increasing numbers of hy- 
droxyls. Thus the tetrahydroxychalcone tested is more active than either 
of the dihydroxychalcones. Addition of a hydroxyl group at the 2’ posi- 
tion causes a decrease in activity. This may be due to the fact that a 
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hydroxyl group in this position will permit ring closure in soluticn, thus 
reducing the effective concentration of the compound in its chalcone form. 

The fact that both hydroxyl and keto groups can be shown to have 
activity might lead to the conclusion that the increased inhibitory effect 


TaBLe I 
Effects of Some Flavonoid and Related Compounds on Xanthine Oxidase Activity 























Per cent inhibition 
Compound | ; is 
| 10mg. | 0.1 mg. | 0.01 mg. 0.001 mg. | 0.0001 mg. 
| per cc. ; perce. | percc. | perce. | per cc. 
| | 
SNE, 6 ioc RG ase | 100 | 20 
RVC GIO Mert oi eo teclets Ousstit ee. nominee | | 45 | 30 | 0 
15:2) 023 (01 eae a Nas a ES | | Soe | 0 | 
Phosphorylated hesperidin.............| 50 25 0 | | 
Hesperidin methylchalcone............ 100 100 100 | 20 | 
110 ene oe et ey tee ere ent Gc 70 60 0 | 
MPSE EGR ER et ad Oe Us ree eat oer Me 100 0 
COC RR oe Oa eerie aeons eee 25 45 30 0 
BERBERS et Ss hele ee ct aes a 20 30 0 | | 
| 1. Sli) Tea cg aee Saerree Wetantne Nera dee ea . 100. | 100 50 | 50 0 
PNIGENYVICSCULCUIMD. «oh. 2 cede cancer es | 100 55 | ~~ 50 0 
4-Methylumbelliferone................ | | 100 5) 0 
6,7-Dihydroxycoumaran-3-one p | 60 | 25 0 
ULL CES CS 2 Sn Pr 25 | 0 | 
Anthragallol.....0...........00.000000 100 30 | 0 | 
Rineallie acid’)... nce een aap 100 35 | 0 | 
3,4-Dihydroxychalcone..... 100 45 | oO | 
3’,4’-Dihydroxychalcone.... 100 | 0 
2’ ,3,4-Trihydroxychalcone............. 90 20 | 
3,3’,4,4’-Tetrahydroxychalcone........ | | 100 100 | 20 
2’ ,3’,4’,3,4-Pentahydroxychalcone..... | | 100 100 | 0 
3’, 4’-Dihydroxy-3 ,4-methylenedioxy- | | | 
chalcone. . eee: oa binee | | 100 100 20 
3,4-Dihydroxyacetophenone........... 100 | = 50 Oe 
3,4-Dihydroxybenzaldehyde........... 50 50 0 
oMethoxyphloroacetophenone........ 100 60 0 
3,4-Dihydroxybenzalacetone........... 60 30 0 


3,4-Dihydroxybenzoylacrylic acid. .... 100 50 0 

obtained by combining the two is simply an additive phenomenon. How- 
ever, the two most active compounds tested were 3 ,3’ ,4,4’-tetrahydroxy- 
chalcone and 3’ ,4’-dihydroxy-3 ,4-methylenedioxychalcone. In the latter 
there are only two free hydroxyls, and yet its activity is identical with that 
of the tetrahydroxy compound. Removal of the hydroxyls, as in 3’,4’- 
dihydroxychaleone, causes a sharp drop in activity. It would therefore 
appear that we are dealing not with an additive effect of keto and hydroxyl 
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groups, but with an activation of the keto group by oxygens on the ben. 
zene rings; the fact that an ortho methylenedioxy grouping has as much 
activating effect as an ortho dihydroxy grouping would indicate that the 
rdle of free hydroxyl groups is at least subordinate to that of the oxyge 
atoms attached to the rings. 

The mechanism of the inhibitory action shown by these compounds js 
not known. It does not seem to be a competitive displacement of the 
substrate, since raising or lowering the concentration of xanthine normally 
used caused no change in the inhibitory effect of the chalcones. Further 
the latter do not appear to act as substrates for the enzyme. In no case, 
during the incubation period prior to the addition of the xanthine, was the 
oxygen uptake in the manometers containing the inhibitors higher than 
that of the controls. 

Potential clinical application of compounds of the chalcone type pre. 
venting the formation of uric acid arises in the therapy of gout. The 
clinical efficacy of these agents is currently under test. 


SUMMARY 


The activity of xanthine oxidase was found to be inhibited by a group of 
flavonoids and related compounds. Compounds with a chalcone structure 
were particularly active. 
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STUDIES ON ETHIONINE 


III. INCORPORATION OF ETHIONINE INTO RAT PROTEINS* 


By MELVIN LEVINE anp HAROLD TARVER 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, February 13, 1951) 


Since ethionine was shown to have an inhibitory effect on the uptake 
of methionine into the liver proteins of rats and mice in vivo (1), we have 
been led to speculate further on the relationship between this amino acid 
and its analogue in protein metabolism. Although the action of ethionine 
was assumed to be due to some form of competitive inhibition, alterna- 
tively it appeared possible that the results of these experiments could be 
ascribed to an incorporation of the ethionine itself into the proteins. 

In order to test this hypothesis, we have synthesized ethionine labeled 
in the methylene group of the ethyl residue with C", and have studied 
the uptake of this labeled ethionine into the proteins of intact rats. 

When an attempt is made to demonstrate the incorporation of the labeled 
analogue into tissue proteins, certain precautions must be taken to rule 
out interfering effects. Such effects are of the following types: (a) adsorp- 
tion of the labeled amino acid, or of products from or in the amino acid 
preparation, onto the proteins, giving apparent uptakes rather than true 
incorporation due to the formation of peptide bonds; (b) breakdown of the 
labeled group to products such as labeled carbon dioxide, acetic acid, 
methyl groups or formaldehyde, which could be incorporated into natural 
a-amino acid molecules and hence into the proteins; (c) exchange of the 
methyl groups in the proteins or peptides for ethyl groups in the free 
ethionine, and (d) ethylation of homocysteine in peptide linkage with the 
ethyl group from free ethionine. 

The experiments performed have been carried out with the object of 
ruling out, in so far as we have considered feasible, interferences of types 
(a) and (b), but not of types (c) and (d). It appears highly improbable 
that such transethylation reactions occur from free ethionine to either 
homocysteine or methionine in peptide linkage, since no corresponding 

*This research was made possible by the provision of funds from the American 


Cancer Society, on the recommendation of the Committee on Growth of the National 
Research Council. 

+ Presented by Melvin Levine in partial fulfilment of the degree of Doctor of 
Philosophy, June, 1950. Present address, Department of Biological Chemistry, 
University of Michigan, Ann Arbor. 
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reactions have been described for methionine, and since, in so far as we 
are aware, amino acids once in the form of peptides do not undergo any 
structural modifications. 

The labeled analogue was fed to two groups of rats; the first, Group R, 
served to orientate us in the best procedures to follow, and the second, 
Group S, to check the results. Group R animals were sacrificed 12 hours 
after the first of several doses of ethionine was administered and those in 
Group S at various intervals up to 4 days in order to obtain some informa- 
tion as to both the rate of uptake and the release of the label from the 
proteins. 

We believe that the results demonstrate the incorporation of ethionine 
into the rat proteins. However, quite obviously it will be necessary to 
carry out confirmatory experiments. 


EXPERIMENTAL 


Ethionine—Most of the unlabeled ethionine was supplied by the U. §. 
Industrial Chemicals, Inc. The balance was synthesized from homocys- 
tine or methionine with the liquid ammonia process (2). Labeled ethionine 
was synthesized from CH;C“H)I, kindly prepared for us by Miss Patricia 
T. Adams under the direction of Dr. B. M. Tolbert by methods described 
in the literature (8). 

pL-Homocystine (5.45 m.eq.) was dissolved in about 40 ml. of liquid 
ammonia by letting the liquid flow directly from the tank into the appara- 
tus! through inlet A (Fig. 1). The valve on the tank was shut down and 
the stop-cock was turned so as to let in sufficient gas through inlet B to 
keep the reaction mixture well stirred. Sodium was then added till the 
blue color persisted for 2 to 4 minutes. Then 5.2 mm of ethyl iodide were 
dropped in and ammonia was bubbled through for a few more minutes. 
The remaining ammonia was allowed to evaporate off and the residual 
traces were removed at reduced pressure, after which the product in water 
was neutralized and precipitated with alcohol. The precipitate was washed 
with alcohol containing inactive ethyl iodide, followed by ether, and then 
dried. On the basis of the iodide used, a yield of 78 per cent of product 
contaminated with homocystine (not radioactive!) was obtained. The 
ethionine was purified by dissolving in water, filtering, and by twice re- 
precipitating with alcohol. Before the second precipitation the aqueous 
solution was boiled with norit A. 


1The apparatus is equally well adapted to the preparation of S*5-labeled amino 
acids when these are synthesized via the corresponding S-benzyl compounds. Obvi- 
ously different sized vessels may be used with the same head. The main purpose 
of side arm A is to avoid blowing reactants out of the vessel when the liquid ammonia 
stream is first started. 
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Derivation of Principal Protein Samples and Excretion Data 


Animals—The male rats used were of the Long-Evans strain and their 
weights were as given in Table I. They were divided into two main 
groups, Groups R and §, of six rats each, with two subgroups in Group R. 
Both the groups and subgroups were placed on a 13 per cent casein diet 
similar in general composition to that employed by Tarver and Morse (4), 
but to the diet of the second subgroup was added 0.2 per cent of unlabeled 






inlet A for inlet B for gaseous NH; 
liquid NH3 


\ 





/it+— clear evacuated 
jacket 











Fic. 1. Apparatus employed when the liquid ammonia method is used in the 
preparation of ethionine or of methionine. Different sized vessels, jacketed or un- 
jacketed, may be employed with the one head. With jacketed apparatus no cooling 
bath is necessary; without jackets, ice blocks the view unless a cooling bath is used. 


ethionine. The animals were all fed this diet for a preperiod of at least 
2 weeks before being given the labeled ethionine. When the diet contained 
unlabeled ethionine, this addendum was omitted for the 12 hours preceding 
the experiment. . 

Group R received labeled ethionine intraperitoneally in five equal doses 
at 2 hour intervals until a total of 61.3 um (10 mg.) of ethionine had been 
given. This comprised 3.6 X 10° ¢.p.m. in this form. The animals were 
sacrificed 4 hours after the last dose. 

Group S received the ethionine in a single dose of 18.4 um, containing 
10.8 X 10° ¢.p.m., per 100 gm. of body weight. Individual animals were 
sacrificed at intervals, as shown in Table I. 
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Samples—The urine of both groups of animals was collected under tol. 
uene. The respiratory carbon dioxide was absorbed in an excess of 2.y 
sodium hydroxide. Carbonate was precipitated as the barium salt from 
aliquots of the base. It was weighed in sintered glass crucibles after wash. 
ing with several changes of water and organic solvent, and after drying 
in the oven. Total carbon dioxide was determined from titration of other 
aliquots of the base between the end-points of phenolphthalein and methy! 
orange. The tissues were obtained from the animals of Group R imme. 
diately after sacrificing by withdrawing blood from the heart. They were 


TaBLeE I 

















Group | Rat No. Weight | Growth rate} Time | Urine — 
| gm. | gm. per day | hrs. | Ber, pic of | per Pong of 
R 1 | 120 io | 2 | 40.2 1.18 
7 | © 2.3 12 | 87.7 0.68 
3 | 114 1.5 12 | 35.7 1.38 
4 | me | 8 | B | 83.9 1.30 
’; | @ | of | B | 32.6 1.01 
6 | i 13 | 12 | 39.7 1.05 
S . 89 1.1 05 | 0.0 
8 | 83 1.2 6 | 15.5 
| 9 | 160 3.6 | 12 | 12.5 
; 10 | 1651 2.9 | 24 | 47.4 2.56 
| mw | 182 15 | 48 (75.0 2.64" 
} 12 | 184 18 | 96 83.5 3.22" 


* In first 30 hours only. 





frozen in a dry ice bath and were kept frozen until processed. The tissues 
from the rats of Group 8 were all processed immediately after extirpation. 

Tissues were homogenized with 10 per cent trichloroacetic acid (TCA) 
and washed in the manner previously described (5). Aliquots of the pro- 
teins from Group R were sedimented onto tared aluminum disks for count- 
ing. Thereafter the protein preparations from Group R animals were 
treated as described under ‘“‘Control of adsorption interference.” ‘Tissues 
from animals in Group §, similarly processed and assayed, were then 
washed with monothioethylene glycol, as described in the section just 
cited, and activities were redetermined. TCA acid-soluble activity was 
determined in the first two extracts of the tissues from the animals of 
Group 8 by removing the excess TCA with ether, and drying aliquots of 
the residue on disks. For convenience it has been assumed that this 
activity is all in the form of ethionine. 
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The activity in whole plasma and urine was determined on suitable 
aliquots spread and dried on disks. 

Radioactivity determinations were made on the barium carbonate, pro- 
tein, TCA-soluble preparations, plasma, and urine samples on the alumi- 
num disks by using thin end window Geiger-Miiller tubes. Appropriate 
self-absorption corrections were applied as necessary (6, 7). 


Control of Adsorption Interference 


It is manifestly impossible to exclude completely adsorption of either 
ethionine or some other radioactive compound in, or formed from, the 
ethionine onto the protein as an interference in experiments of this type. 
Consequently, to obviate this difficulty, two procedures were adopted: (a) 
several washing methods were employed in addition to the standard pro- 
cedure already detailed, and (b) control experiments were carried out by 
incubating plasma zn vitro for various periods of time with ethionine, fol- 
lowed by precipitation of the proteins and washing by appropriate pro- 
cedures. 

Washing Methods—Activities found in representative samples of the 
dried protein preparations, washed as indicated, are shown in Table II 
for both Groups R and 8. Each protein sample (about 100 mg.) was 
then resuspended in about 5 ml. of water and was treated with 1 ml. of 
monothioethylene glycol. The mixtures were allowed to stand at room 
temperature for 20 hours with occasional shaking, 6 ml. of 20 per cent 
TCA were then added, and the precipitates were rewashed and dried. Ac- 
tivities were redetermined. The data show small losses of activity but 
none of these were of particular significance (Table II). 

Other aliquots of the dried and washed proteins were dissolved in a 2 
per cent sodium hydroxide-30 per cent urea mixture, and the opalescent 
solutions were subjected to dialysis against water for 3 days at room tem- 
perature. Any protein which had not been precipitated was then pre- 
cipitated by making to 10 per cent with TCA. The dried preparations 
were reconstituted as before and activity measurements were remade. As 
shown in Table II, this treatment caused no significant loss of activity. 

These data, and a much larger body of substantiating data of the same 
nature, show that with the procedures used it is quite impossible to get 
rid of any significant fraction of the activity from the protein preparations. 

Control Experiments—As a further test of the washing procedure, samples 
of rat plasma were incubated with ethionine under different conditions 
of temperature, time, and concentration, as shown in Table III. The 
plasma proteins were precipitated with TCA, then washed and dried. Ac- 
tivities, determined before and after treating with monothioethylene gly- 
col, are shown. Most of the activity was washed off the preparations by 
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treatment with the glycol, although some residual activity remained, par. 
ticularly in those samples in which the period of incubation was extended 


The values are given in per cent per gm. 


ETHIONINE 


IN PROTEINS. 


TaBLe II 
Removal of ‘‘Adsorbed’’ Radioactivity from Proteins 





Time 


96 





III 


Fraction of dose in protein 








or by dialysis (see the text). 
t Data for Rat 1 only given; Rats 2 to 6 gave similar results. 


Treatment* | ; Group Rt 
Plasma | Kidney Liver 
a eee —_ S| bee 
TCA only | | | 
“ +MTG | | | 
“only | 0.27 | 0.72 | 0.45 
“ + MTG | 0.28 | 0.69 0.40 
Dialysis | 0.29 | | 0.38 
TCA only | | 
« + MTG | 





Group S 
Plasma | Kidney Liver 
0.05 0.22 0.04 
0.02 0.19 0.08 
0.24 0.91 0.47 
0.24 0.96 0.46 
0.04 0.39 0.29 
0.04 0.40 0.28 








TaB_eE III 


* TCA only, proteins washed with several changes of trichloroacetic acid; TCA 
+ MTG, washed with TCA, followed by monothioethylene glycol treatment and 
rewashing with TCA; dialysis, solution in NaOH-urea, followed by reprecipitation 


Adsorption of Ethionine onto Rat Plasma Protein in Vitro 


Ethionine in protein* 





—" Conditions Pc | TCA pptd. + 
tap. | a 
treatment 
uM per ml. uM per kg. uM per kg. 
1 20 min. at room temperature 2.60 73.2 Dat 
2 2 hrs. at 36° 2.60 73.2 3.9 
3 1! S36" 2.60 81.7 8.5 
4 20 min. at room temperature 7.67 172 11.9 
5 2 hrs. at 36° 7.67 194 10.2 
6 me So" 7.67 204 17.0 





* Each figure is the average obtained from three experiments carried out under 


the same conditions. 








to 12 hours and with the higher concentration of ethionine. 


phenomenon showed little dependence on time, since as much was bound 
in 20 minutes at room temperature as in 2 hours at 36°, but changes in the| 


The binding 


amoun 
varied. 
with re 
ethyler 


Ethi 
ene-lak 
or indi 
tion of 
c.p.m. 
At the 
labelec 
was e} 
sible t 
The o 
after 1 
to ren 
methi 
methi 
activi 

S-E 
it bee 
corres 
thioul 
that, 
been 
the e 
deriv: 
sults 
corres 

Dei 
rates- 
of th 

for 3 

acid | 

reflu 

=D 
for et 
under 


would 
sourcs 





par- 
nded 


‘iver 


29 
.28 
TCA 
; and 
ation 


td. + 
ethyl- 
ycol 
ent 





— WV eS ST SS 


inder 


ding 
yund 


the | 


UM 








M. LEVINE AND H. TARVER 841 


amount bound were significant when the concentration of ethionine was 
varied. Obviously these results differ from those found in vivo, chiefly 
with respect to the great loss in activity which resulted from monothio- 
ethylene glycol treatment. 


Location of Activities in Protein Samples 


Ethionine-Methionine Separation—It appeared possible that the methyl- 
ene-labeled carbon in the ethionine might be metabolized either directly 
or indirectly to give a labeled methyl group. Consequently, the separa- 
tion of carrier amounts (1 gm.) of ethionine from traces (7.5 to 10.0 « 103 
cp.m. in 5 mg.) of labeled methionine? and vice versa was investigated. 
At the same time the separation of traces of labeled serine (5) and of 
labeled alanine? from similar amounts of both ethionine and methionine 
was examined. The results of these experiments showed that it was pos- 
sible to recrystallize ethionine to free it from the more soluble methionine. 
The once recrystallized ethionine had an activity of 6.3 ¢.p.m. per mg.; 
after five recrystallizations this was reduced to 1.2. It was also possible 
to remove the more soluble contaminants, serine and alanine, from either 
methionine or ethionine, but it was impossible by this method to free 
methionine from ethionine. The once recrystallized methionine had an 
activity of 8.6; after five recrystallizations it remained 7.8. 

S-Ethyl Isothiourea Picrate Separation—In view of the results just cited, 
it beeame necessary to find a derivative of methionine from which the 
corresponding ethionine analogue could be separated. The S-alkyl iso- 
thiourea picrate derivatives proved to be separable in this manner, so 
that after one recrystallization from alcohol the activity had already 
been reduced to 0.5 c.p.m. per mg. and a second lowered it to 0.2; z.e., 
the ethyl derivative as contaminant can be separated from the methyl 
derivative, but the reverse separation proved to be impossible. This re- 
sults from the fact that the ethionine derivative is more soluble than the 
corresponding one from methionine, as shown later. 

Dealkylation of Ethionine and Preparation of S-Alkyl Isothiourea Pic- 
rates—The dealkylation was carried out by using appropriate modifications 
of the Baernstein method (8). Methionine and ethionine were refluxed, 
for 3 and 6 hours respectively, with constant boiling iodine-free hydriodic 
acid under a slow stream of hydrogen. In the case of the methionine the 
reflux was maintained at about 60° by passing hot water through the con- 


The pi-methionine used was synthesized by an analogous process to that used 
forethionine. The methyl] iodide was kindly synthesized by Miss Patricia T. Adams 
under the direction of Dr. B. M. Tolbert. Without their assistance this project 
would have been seriously delayed. The sample of alanine-8-C' was from the same 
source. 
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denser. With ethionine, steam was passed in order not to hold back the 
less volatile ethyl iodide. The vapors were led through a train of six 
traps containing, in the order named, cadmium chloride, barium chloride, 
mercuric chloride, and anhydrous calcium sulfate (to take out water va. 
por), and finally into two cooled traps, each containing 1 ml. of absolute 
alcohol. The tube descending to the first of these alcohol traps was cooled 
by an open jacket filled with a dry ice acetone mixture to insure the con- 
densation of the volatile iodides. 

At the end of the dealkylation reaction the contents of the alcohol re. 
ceivers were transferred to small flasks with the aid of 2 ml. of absolute 
alcohol, the calculated amount of thiourea was added, and the mixture 
was shaken (or heated to 45-60° under a reflux in the case of the conden- 
sation with the ethyl iodide) till all was dissolved. An equivalent amount 
of picric acid in 2 ml. of warm absolute alcohol was then added and the 
product was set aside overnight in the refrigerator. The yellow crystals 
were filtered off, washed with absolute alcohol, and allowed to dry. All 
derivatives so prepared melted within 2° of the values given in the litera- 
ture, namely for the S-methyl isothiourea picrate 221° (9), and for the 
corresponding ethyl derivative 186° (9). Recrystallization from alcohol 
caused no significant change in the observed melting points. 

According to the findings of Keston and coworkers (10), it is possible to 
separate only a more soluble contamination from a less soluble carrier, 
and so the solubility of the picrates was determined. Samples of both 
alkyl isothiourea picrates were prepared from the respective alkyl iodides, 
The melting points of the recrystallized products agreed with the values 
already cited. An excess of each solid was dissolved in 95 per cent ethyl 
alcohol and allowed to come to equilibrium with the liquid phase both at 
room temperature, 23°, and at 4°. Aliquots were evaporated to deter- 
mine the gm. dissolved in 100 ml. 


a3 4° 
S-Methy] isothiourea picrate.........................0. 0.624 0.302 
S-Ethyl ** OP Rca a se ee ae 1.666 0.793 


The ethyl derivative is seen to be more than twice as soluble as the 
methyl. Thus ethyl contaminant behaves qualitatively according to the 
theory proposed by the workers mentioned (10). 

Hydrolysis of Protein Samples and Isolation of Dicarboxylic Acids—tt 
appeared of interest to determine the activity of dicarboxylic acids in the 
proteins; therefore these acids were separated from the hydrolysates ob- 
tained from various combined samples of the tissues from the animals of 
Group R. 

All proteins (both Groups R and 8) were hydrolyzed by refluxing on a 
sand bath for 20 hours with 8 n hydrochloric acid, the acid was removed, 
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and the residue in water was passed through a column 2 cm. in diameter 
containing 10 ml. of coarse grained Amberlite IR-4 to remove both the 
residual mineral acid and the dicarboxylic acids. The effluent was used 
for carrier isolations of methionine and ethionine such as those described 
in the preceding section for binary mixtures of amino acids. 

The dicarboxylic acids were eluted from the washed columns with an 
excess of 2 N hydrochloric acid, precipitated as the calcium salts, redis- 
solved, reprecipitated, sedimented on to disks, and their activities de- 
termined (11). 


TaBLe IV 
Fraction of Radioactivity in Tissue Proteins Due to Ethionine* 


The per cents given are those obtained from the tissues of individual rats or from 
the pooled tissues from several animals. 
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* The values are ‘hevedc on 0 $0 ice ne tone putailliaad S-ethyl inothioures: piutate; except 
for liver Samples 10 and 11 and the combined spleen sample. These derivatives 
were recrystallized three times. Other samples were recrystallized two or three 
more times without significant change in activities. 

t Samples for Rat 7 were not reported because their total activities were too low. 


Location of Label in Tissue Protein Preparations from Animals in Group 
S—Since work with the animals of Group R demonstrated that the labeled 
ethyl group gave rise to no detectable amount of label in the methyl group 
of methionine, and since the removal of the ethyl group of ethionine with 
hydriodic acid and the subsequent conversion of the alkyl iodide to a 
derivative suitable for counting proceeded satisfactorily, the use of methi- 
onine carrier was dispensed with, and no preseparation of the dicarboxylic 
acids from hydrolysates was performed. All protein hydrolyses were made 
in the presence of known amounts (300 to 400 mg.) of ethionine, and, after 
removal of the acid, deethylations were performed directly on the resi- 
dues. The isothiourea derivatives were prepared as before, and their spe- 
cific activities were obtained. The activities due to ethionine in the in- 
testinal mucosa and liver at each time interval were calculated from the 
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total activities found in the tissues and per cent of these activities due to 
ethionine. The mucosa sample comprised protein from rats sacrificed at 
different time intervals, but since all the activity was in the form of ethi. 
onine (Table IV), each mucosa must have taken up activity only in the 
form of ethionine. 


DISCUSSION 


Catabolism of Ethionine—The data shown in Table I and Fig. 2 demon. 
strate that the main path of excretion of the label from ethionine is via 
the urine. It appears to be lost more rapidly in animals given the re. 
peated dose of the analogue, but even in the animal given only 18.4 um 
almost 50 per cent of the dose was excreted in the Ist day, and by 4 days 
more than 80 per cent had been lost via this channel. These data for 
the urinary excretion of ethionine are in substantial agreement with the 
results of Shen and Lewis (12), who found that after administering ethi- 
onine to a rabbit all the extra sulfur appeared in the urine (as organic 
sulfur, of which part was in the form of keto acid). 

It is of interest to note that the TCA-soluble activity is more concen- 
trated in the kidney a half-hour after injection of the amino acid, and 
that it remains higher throughout the experiment than that for any other 
tissue investigated. 

In contrast to the urine, little of the label appeared in the respiratory 
carbon dioxide. A maximum of just over 3 per cent was found in the 
Ist day (Table I; Fig. 2). It should be noted that Stekol, Weiss, and 
Weiss (13) have presented evidence indicating the labile nature of the 
ethyl group of ethionine and hence its vulnerability to oxidation. Unfor- 
tunately their data do not allow of a quantitative estimation of the im- 
portance of this metabolic pathway. 

Nature of Label Binding—It has been already noted that the apparent 
uptakes of activity by the tissues are not affected by the treatment given 
the protein preparations. Little or no activity could be removed from 
the TCA-organic solvent-washed tissue proteins by treatment with mono- 
thioethylene glycol or by dissolution in alkaline urea followed by dialysis 
(Table II). On the other hand, when ethionine-treated plasma protein 
was exposed to the glycol, considerable activity was removed (Table III). 
Thus it appears that the monothioethylene glycol treatment is effective 
in removing adsorbed activity. Consequently it must be assumed that 
the amino acid is bound by peptide bonds or by bonds of comparable 
strength in the studies in vivo. 

A comparison between the results may also be made. In the exper- 
ment in vitro, concentrations of ethionine of 2.6 and 7.7 mm per liter were 
employed, whereas the highest concentration found in liver tissue in the 
work in vivo was 0.37 mo per kilo (Fig. 3). After an experimental period 
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of 12 hours, Rat 9 had 0.06 mm of ethionine per kilo of liver protein and 
approximately 0.07 mm per kilo of plasma protein, but after a similar 
period of incubation zn vitro, plasma protein showed residual activities of 
only 0.009 and 0.017 mm per kilo. Thus in spite of higher concentrations 
of ethionine in vitro, the uptake in vivo was much greater. Further com- 
parisons might be made from the data submitted, but they would all lead 
to the same conclusion; namely, that the binding of activity in vitro is 
of a much lower order of magnitude than the binding in vivo. It should 
also be remarked that the ‘ethionine concentrations” in the tissues are 
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Fig. 2. Per cent of dose excreted in urine (Rats 11 and 12, Group S) and in the 
respiratory carbon dioxide (Rats 10 to 12, Group S) following the injection of a single 
dose of ethionine. 





actually TCA-soluble activities calculated as ethionine. Consequently 
the free ethionine concentrations will always be lower than those shown 
in Fig. 3. 

The question also arises concerning the possibility of binding some met- 
abolic product of ethionine to the protein. To invalidate the final con- 
clusions, such a product would have to contain the intact ethyl group 
(see later), and the only one likely to cause interference would appear to 
be the keto acid which is known to be formed from ethionine (12). Since 
deamination largely takes place in the kidney, high uptakes, such as those 
observed, would be expected in this organ, were this type of interference 
to occur. However, kidney uptakes were not as high as those which oc- 
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curred in intestinal mucosa, where the keto acid concentration was probs. 
bly lower. So, although the possible involvement of the keto acid cannot 
be ruled out completely, it does not appear to be a probable source of 
error. 

Nature of Label Bound—The major part of the activity bound by the 
proteins of most tissues is in the form of ethionine. This is shown by 


the figures in Table IV, which in the case of the animals of Group R are 
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Fic. 3. Micromoles of free ethionine per kilo of wet tissue (TCA-soluble activity) 
(broken curves); and micromoles of protein-bound ethionine per kilo of liver and 
intestinal mucosa protein (solid curves) versus time in hours after injection of a 
single dose of ethionine (Group 8). The protein data are calculated from volatile 
ethyl activities, determined as S-ethyl isothiourea picrate, and from total activities 
determined on the tissue proteins of individual rats. 


derived from the activities of S-ethyl isothiourea picrate samples prepared 
from carrier ethionine which has been reisolated from tissue hydrolysates, 
and which, in the case of Group § animals, had a similar source but were 
prepared without isolation of the carrier ethionine. It is of interest to 
note that in the liver there is less of the label in the form of ethionine than 
elsewhere, except in the spleen. This appears logical if the liver is the 
main site of catabolism and anabolism (e.g., COz fixation). 

The appearance of the label in the dicarboxylic acid fraction of the pro- 
teins was shown by the activities found in the calcium salts of the mixed 
acids. For the liver samples of rats of Group R, activities averaged 0.6 
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cpm. per mg. of salt; for combined samples of spleen, intestinal mucosa 
and plasma activities were about twice as high, and for a single kidney 
sample representing proteins from Rats 4, 5, and 6 a value of 2.5 was 
obtained. 

As stated in the experimental section, no radioactivity was found in 
any of the samples of S-methyl isothiourea picrate. Thus from the livers 
of Rats 2 and 5 the salt showed an activity of 0.0 c.p.m. per mg. Con- 
sequently it must be assumed that little, if any, of the ethyl group was 
metabolized to give a methyl label. 

Label Binding As Metabolic Process—Three of the rats in Group R were 
prefed a diet containing 0.2 per cent ethionine for 10 days or more pre- 
ceding the administration of the labeled compound. The data given in 

















TABLE V 
Distribution of Label in Tissues of Animals of Group R* 

Rat No. Plasma Mucosa | Kidney Spleen | Liver | Kidney | Liver 
per cent per | per cent per | per cent ~ per cent per | | per cent per | uM per gm. | uM per gm. 

gm. gm. gm. gm. gm. protein protein 

1 0.28 | 1.45 | 0.69 0.21 | 0.40 0.3000 | 0.1330 
2 0.26 | | 0.57 0.12 | 0.45 0.2470 0.2100 
3 1.53 | 0.67 0.18 | 0.40 | 0.2970 0.14380 
4 0.138 0.33 | 0.25 0.08 0.28 | 0.0732 0.0647 
5 0.20 | 0.29 0.07 0.44 | 0.0835 0.1447 
6 Oout 0.30 | 0.28 0.11 0.26 | 0.0807 0.0613 











* The data are from oben of Rats 1 to 6, washed with monothioethylene glycol: 
The values given as per cent per gm. refer to total activities in the respective tis” 
sues; those given as micromoles per gm. refer to activities in the form of ethionine. 


Table I show that these rats (Rats 4, 5, and 6) gained weight at about 
half the rate of those animals which did not receive ethionine. When a 
comparison of the uptakes of the label is made in these two subgroups, 
the difference between them is at once apparent; total uptake is reduced 
about half in most tissues, as shown in Table V, with the intestinal mu- 
cosa proving an exception. Here the uptake is reduced by more than 
half. Table IV shows that the ethionine also comprises a smaller fraction 
of the activity incorporated. The cause of this reduction in ethionine 
uptake is not entirely clear. 

It should be noted that the animals in the “ethionine” subgroup were 
on the average smaller than those in the untreated group. Since the dose 
given to both subgroups was the same, the ethionine subgroup should have 
shown a somewhat higher uptake. On the other hand the average growth 
rate of the “ethionine” animals was less than half that of the normal ones, 
80 that it might be said that the lower uptake was to be expected on this 
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basis. The rats in the “ethionine” subgroup were taken off the diet for 
12 hours prior to the administration of the label. It appears to be g 
reasonable assumption that the unlabeled ethionine concentration must 
have been low in these animals, judging from the data obtained with the 
labeled material which, however, was given in a smaller dose (Fig. 3), 

The assumption that there is a low ethionine concentration in the tissues 
of these animals is also reasonable in view of the similar urinary loss of 
the label in both subgroups, and because there is no difference in the 
degree of labeling of the respiratory carbon dioxide in the two subgroups. 
Had there been residual ethionine in the tissues, a change in the (specific) 
activity of the gas would have been anticipated. If this was the case, 
then dilution of the label would not account for the low incorporations 
observed. 

In view of these considerations, it would appear possible that the pre- 
feeding with ethionine caused an inhibition of labeled ethionine incorpo- 
ration. This might be due to the formation of unnatural proteins or 
peptides which would block the synthetic system. However, since it is 
impossible to rule out entirely the dilution of labeled ethionine as an ex- 
planation of the difference between the two subgroups, it does not appear 
profitable to theorize further along these lines. 

When the nature of the uptake curves is examined (Figs. 3 and 4), 
it will be noted that they are rather different from those observed for 
natural e-amino acids such as methionine (3, 14) or glycine (15). Label 
does not appear in the plasma protein as rapidly as in liver or kidney 
(Fig. 4), in contrast to the general findings. However, the average per 
cent of the label as ethionine in the plasma protein is 92 (Table IV) in 
contrast to an average in liver of 35, so that, if the uptakes of ethionine 
were compared, the data would show less deviation from those previously 
found, although they still would be low. 

The behavior with respect to uptake of labeled amino acid is more or 
less normal for the other tissues examined, although peak activity may 
be reached somewhat later than is usually the case (Fig. 4). The kidney 
protein shows rather high values, but these are reasonable in the light of 
the relatively high concentrations of free ‘‘ethionine” found in this tissue 
over the whole period of the experiment (Fig. 3). As usual, the highest 
uptake is shown by the proteins of the intestinal mucosa, with spleen 
showing relatively low values. 

However, when the rate of release of the label is compared with the rates 
previously found with the natural a-amino acids, it is seen that the ap- 
parent half lives of the “ethionine” tissue proteins are much less than the 
half lives of the corresponding normal proteins. On the assumption that 
the ethionine is incorporated into peptide bonds in tissue protein, this 
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sould mean either that the ethionine proteins are all more labile than 
jormal proteins or that ethionine is incorporated into a limited number 
of proteins in any one tissue, and that these are of the more labile type; 
ie. they have high turnover rates. 

In spite of these differences the behavior of the ethionine is compatible 
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Fic. 4. Specific activity of the tissues of rats (Group S) at various times after 
giving a single intraperitoneal injection of ethionine. ©, intestinal mucosa, A, 
kidney, O, liver, A, plasma, @, spleen. 


with the postulate that it is incorporated by the operation of a normal met- 
abolic process utilizing an abnormal metabolite. 

The data, therefore, lend support to the concept that the structure of 
protein is not fixed and immutable, except for such changes as may arise 
due to genetic modifications, but may undergo a change under an influence 
of a relatively mild nature. Whether the analogues for other compounds 
such as vitamins, which are components of more complex structures, can 
enter into corresponding syntheses is a matter worthy of further consider- 
ation. After the completion of this project it came to our attention that 
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Work and Work (16) had foreseen a similar possibility with respect t; 
protein syntheses. 


Our thanks are due to the Crocker Laboratory of the University ¢j 
California for the upkeep of the Geiger-Miiller tubes used in this inves. 
tigation. 


SUMMARY 


When ethionine labeled in the ethyl group is fed to rats, the labeled 
analogue is taken up by their proteins. It appears that abnormal pr. 
teins are formed. That the incorporation represents a perversion of the 
normal pathway of protein synthesis in the presence of ethionine is sup- 
ported by the following data: (a) the ethionine cannot be washed out of 
the proteins, (b) the label is present in the proteins in the form of ethyl 
groups split off with hydriodic acid, (c) the uptake is much greater than 
that which occurs by adsorption (and occlusion), and (d) the uptake curves 
for different tissues deviate from the normal only in such a way as to be 
easily explicable on the basis of the postulated ‘“‘abnormal”’ synthesis. 
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ACETATE-REPLACING FACTORS FOR LACTIC ACID 
BACTERIA 


I. NATURE, EXTRACTION, AND DISTRIBUTION 


by LESTER J. REED, BETTY G. DeEBUSK, PATRICIA M. JOHNSTON, anv 
MILTON E. GETZENDANER 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, June 4, 1951) 


The stimulatory effect of sodium acetate on growth of lactic acid bac- 
teria was first.demonstrated by Snell e¢ al. (1). Guirard et al. (2) investi- 
gated the rédle of-acetate in the nutrition of certain lactic acid bacteria 
and showed that acetate serves a dual purpose in media, (a) that of a 
buffer and (b) that of a probable precursor of various lipides. It was 
further demonstrated (3) that some biological preparations contain a sub- 
stance (or substances) which can replace acetate in its growth-stimulatory 
eflect for certain lactic acid bacteria. The concentration of the acetate- 
replacing factor (or factors) in yeast extract Was undertaken and fractions 
were obtained which were 440 times as active as acetate on a weight basis. 

A chromatographic analysis of Difco yeast extract with bioautographs 
indicates the existence of five acetate-replacing factors. “Because of the 
multiplicity of active principles in yeast extract, an investigation of the 
release of acetate-replacing factors from natural materials was undertaken. 
The results of this investigation as well as interrelationships of acetate— 
replacing factors are reported in the present communication. 


EXPERIMENTAL 


Assay Procedure—The acetate-free, phosphate-buffered basal medium is 
essentially that described by Guirard et al. (2). It was observed in our 
studies that Lactobacillus casei frequently responded in an erratic manner 
to both sodium acetate and natural extracts. Variation of the components 
of the inoculum medium as well as the assay medium produced beneficial 
results of only a temporary nature. Accordingly, the growth response 
of a number of lactic acid bacteria to acetate and biological preparations 
was studied, and a strain of Streptococcus lactis' was selected as an assay 
organism. 

The liquid culture used for inoculating the assay medium was grown on 
the basal medium of Guirard et al. (2) supplemented with 0.2 ce. of an acid 


‘This organism has been carried in the departmental collection on glucose-yeast 
extract-agar cultures for an unknown number of years. 
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hydrolysate of liver residue? per 100 cc. of medium. An 18 hour cultuy 
grown at 30° was washed, suspended, and diluted in 0.9 per cent saline 
and 1 drop of a barely visible suspension was used to inoculate each assy 
tube. The tubes were incubated at 30° for a period of 12 to 16 hou 
Growth response was followed turbidimetrically (4). 

The response of the assay organism to sodium acetate and a sample ¢ 
acid-hydrolyzed liver residue is illustrated by Fig. 1. Activity of sample 
is expressed in terms of acetate equivalents. Thus, the sample of acid. 
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Fic. 1. Response of S. lactis to sodium acetate and acid-hydrolyzed liver residue 


hydrolyzed liver residue is assigned an activity of 59 acetate equivalents 
per mg.; that is, 1 mg. of the sample is equivalent in growth-promoting 
activity to 59 mg. of sodium acetate. The value representing that amount 
of sample required for half maximum growth is used in computing the 
activity. 

Preparation of Bioautographs—The microbiological assay used in this 
work gives no indication of the number of active factors in a particula! 
sample. The development of paper chromatograms by means of agal 
plates seeded with the assay organism, “bioautographs,”’ proved to be 

21 gm. of liver residue (Eli Lilly and Company) was autoclaved at 120° for! 
hours with 10 cc. of 6 N sulfuric acid. The hydrolysate was neutralized, filtered 
and brought to a final volume of 30 cc. 
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yseful for this purpose. The paper chromatograms were prepared (What- 
nan No. 1 filter paper) by the capillary ascent method of Williams and 
Kirby (5), with 2,6-lutidine-water (65:35) and n-butanol saturated with 
yater as the solvent systems. The paper chromatograms were air-dried 
jor approximately 30 minutes and placed on the seeded agar plates for 
0 minutes. At the end of this time the papers were removed and the 
plates were incubated at 30° for 12 to 16 hours. Zones of growth in the 
agar indicate the presence of acetate-replacing factors in the sample tested. 
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Fig. 2. Composite diagram of bioautographs of large number of chromatographed 
samples of Difco yeast extract (A and C) and neutralized acid hydrolysates of vari- 
ous natural materials (B and D). 250 7 samples of yeast extract and 100 7 samples 
of acid-hydrolyzed liver residue or equivalent amounts of other acid-hydrolyzed 
materials were employed. A and B are representative of bioautographs prepared 
with 2,6-lutidine-water (65:35) as the solvent system; C and D with n-butanol-water 
as the solvent system. 











The seeded agar plates were prepared by adding 2 gm. of agar to 100 cc. 
of the basal medium (2), autoclaving for 10 minutes at 120°, cooling, and 
then inoculating with 0.2 cc. of a barely visible S. lactis suspension. The 
mixture was poured into a sterile Pyrex dish, 19 X 30 cm., fitted with 
an aluminum cover, and allowed to harden before applying the paper 
chromatogram. 

Bioautographs of Difco yeast extract (Fig. 2) revealed the presence of 
four active principles when 2,6-lutidine-water was used as the solvent 
system, and five acetate-replacing factors with n-butanol-water as the sol- 
vent system. This difference in the number of zones of growth which 
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appeared when two different solvent systems were employed suggeste 
that an interconversion of one or more of the active principles had occurred, 

Interconversion of Acetate-Replacing Factors—A solution of 50 mg, ¢ 
Difco yeast extract in a minimum amount of water was applied in a thin 
line 1 inch from the lower edge of a 32 X 25 cm. sheet of filter paper 
The chromatogram was prepared with n-butanol-water as the solvent sys. 
tem. Bioautographs developed from three different vertical sections ¢ 
the chromatogram served as a guide in the horizontal sectioning of the 
remainder of the chromatogram; each section contained one of the fiy 
acetate-replacing factors. The sections were eluted individually with ; 
small amount of 95 per cent ethanol and the individual eluates were 1. 
chromatographed separately along with a sample of yeast extract as; 
control. Bioautographs of the second chromatograms prepared with 1. 
butanol-water revealed that the factors initially possessing Rr values 0.08 
0.25, and 0.40, respectively, had been converted appreciably to the facto 
possessing Ry value 0.60. A faint zone of growth corresponding to the 
factor with Rr value 0.90 was often present on these bioautographs. The 
factor with R,y value 0.90 was partially converted to the factor with R, 
value 0.60, but not to the other factors. The factor with RP, value 0.6 
appeared to undergo slight conversion to the factor with Rr value 0.9 
but not to the other factors. When 2,6-lutidine-water was used as the 
solvent system to prepare chromatograms of the eluates, the results wer 
substantially the same. 

Bioautographs of samples of yeast extract which had been allowed ti 
stand in contact with each of the solvent systems overnight were simila’ 
in appearance to bioautographs of untreated yeast extract, with the ex 
ception that the zone of growth corresponding to Rr values 0.65 and 0.6 
(Fig. 2), respectively, in the two solvent systems appeared larger in the 
case of the treated samples. 

This preliminary investigation indicates that the acetate-replacing fae 
tors in yeast extract are chemically related. It is highly probable that 
there are actually fewer than five acetate-replacing factors in yeast ex 
tract, one or more of the factors having been produced from the other 
during the manipulations involved in preparing bioautographs. Studie 
of the interrelationships of these forms and their utilization by variou 
lactic acid bacteria are being conducted. 

Because of the multiplicity of acetate-replacing factors in yeast extrat, 
it was deemed advisable to study the release of acetate-replacing factor 
from natural materials before attempting to concentrate one or more 
the factors. It was hoped that such a study would reveal a method fo 
liberating maximum acetate-replacing activity in the form of fewer activ 
principles than are found in yeast extract. Preliminary experiments it 
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liceated that acetate-replacing factor activity could be released from pork 
iver. This readily available material was therefore selected for detailed 
study. 

Liberation of Acetate-Replacing Factors from Pork Liver—The procedures 
involving treatment with enzymes are essentially those employed by Chel- 
dein et al. (6). The incubation time was 24 hours. Longer incubation 
periods (48 hours) produced substantially the same results, with the excep- 
tion that the activity of autolysates increased. All samples were brought 


TABLE I 
Liberation of Acetate-Replacing Factors from Pork Liver 








Treatment Activity* 

HOU WALGER ORUPAGOU sc: 6 oO nsc.0c oe crete eee Weueee mee ena <0.1 
IREEGLVBIG Ss < a:diniclersiste Ss. o/es iss AGI eae Oe acento ie 2.3 (2.0- 2.6) 
ee (ASHTSO hehe hak DO oe ee ee 3.8 (3.2- 4.5) 
MET TICLASUARO ieee. os io ts oct ecco tee neiea nee Na ea ae eee E 2.3 (2.0- 2.7) 
PANORCAUICG: SHIGIGOD soos cae ccc. viccs pee wasn wee eens 5.8 (5.3- 6.1) 
|4.)) 1 GA etree OMEN ee srerteet eran titer te eos e, She cise 7.7 (6.8- 8.3) 
PU YSSEED Fe ors his coe Soe davai tock Shea pach eran ote eae rare rr 10.3 (9.2-11.1) 
DRE IAN cies heo, or vate th aieccsahary doo a one Stain epcn bearer ner ope meee 8.5 (6.8- 9.9) 
Pamir IG URGE So os ehc cd crcuting dens aieate: nesneueucomeeeole meme eA 4.4 (4.2- 4.7) 
° DR ee ye 9.6 (9.2- 9.9) 
CTO TY CRROLV BIS (ere 26-5 00oce. 02a nd dso re ee ne | 8.2 (5.9-12.3) 





*Activity is expressed in acetate equivalents per mg. The averages of the ex- 
perimental values are listed and the range of the values is given in parentheses. 

+The malt diastase and pepsin were obtained from Merck and Company; pan- 
creatic amylase from Eli Lilly and Company; trypsin from Eimer and Amend; 
papain from the Wallerstein Company; taka-diastase from Parke, Davis and Com- 
pany. These enzyme preparations showed no acetate-replacing factor activity 
when tested under the same conditions as the fresh liver plus enzymes. 

t Autoclaved at 120° for 3 hours with 10 cc. of 6 N sulfuric acid. 


to pH 6 to 7, if necessary, before being assayed and each sample was 
assayed at least twice. 

The results presented in Table I indicate that liver contains a microbio- 
logically inactive combined form, or forms, of acetate-replacing factors, 
not dissociated by hot water. Active material is released slowly by au- 
tolysis and much more effectively by proteolytic enzymes or acid hydroly- 
sis. Bioautographs of these three types of extracts revealed the presence 
in each of two active principles possessing Rr values 0.85 and 0.65, re- 
spectively, with 2,6-lutidine-water as the solvent system (see Fig. 2). 
These two factors showed the same interrelationship as was previously 
demonstrated with the two yeast extract factors possessing the same Rr 
values. 
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Since acetate-replacing factors are not released from fresh liver by hy 
water extraction, it seemed that commercial liver residue, the insolubk 
material remaining after extracting liver with hot water, should be a goo 
source material. 1 gm. samples of liver residue were subjected to the 
treatments described in Table II. Acid hydrolysis was carried out in a 
autoclave at 120° with 10 cc. portions of sulfuric acid. 

The data presented in Table II indicate that liver residue does contain 
a substantial part of the acetate-replacing activity that can be recovere| 
from fresh liver. Acid hydrolysis of this material is the most effective 
means of releasing acetate-replacing factors from combined form (or forms) 
Bioautographs of the neutralized hydrolysates indicated the presence ¢ 
two zones of growth, Ry values 0.85 and 0.65, when 6 N sulfuric acid wa 
used for periods of 3 and 5 hours. With less concentrated acid or shorte 











TABLE II 
Liberation of Acetate-Replacing Factors from Liver Residue 
Treatment | Activity 

My ISIN 038540542. ke ose i Oe ee eee sea 14.2 (10.3-18.5) 
RRO AARN Cela lo) eke cae tess tucrsare:3 Re Ce eee nae 6.8 (3.2-10.7) 
EE SEE Oe aie ea aves | 42.9 (36.0-52.0) 
Se ee RT ETE Ore | 43.4 (36.1-56.7) 
I OI Feline eyes Re Oe aa | 46.8 (31.8-70.7) 
A RAD MUS iin) hts) Se mie lS has 2c otra res RE ee att ee aes | 58.4 (42.8-84.8) 
SULTS BS 2M) Nias Gi din aha Bau rarad wank oh ro | 56.5 (42.9-80.6) 

4) 


a AMO” Sap), Ces ai cea dea eared one eid a ee enrol 48.6 (33.4-71. 





periods of autoclaving, one or two additional zones of growth were present 
below the two mentioned above. In all subsequent work samples wert 
autoclaved for 3 hours with 6 N sulfuric acid. 

Activity of Acid Hydrolysates of Natural Materials—Several natural ma- 
terials and extracts were examined as possible source materials to be used 
in concentrating the acetate-replacing factors. The activity of these ma 
terials is presented in Table III. 

Bioautographs of these acid hydrolysates revealed the presence of only 
two active substances when both 2,6-lutidine-water and n-butanol-watet 
were used as solvent systems. It is of interest that three of the factor 
present in yeast extract, possessing R» values 0.08, 0.25, and 0.40 (Fig. 2) 
respectively, disappeared upon acid hydrolysis, although there was an it: 
crease in total activity. A conversion of these three factors to those pos 
sessing Rp values 0.90 and 0.60 is suggested, as well as a release of add: 
tional amounts of the latter two factors from an inactive form or forms 
present in yeast extract. 

Since the activity of each of the acetate-replacing factors which have 
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been detected is unknown at present, it would appear desirable to de- 
sribe the acetate-replacing activity of biological preparations in terms of 
only two factors. For this purpose, acid hydrolysis of samples under the 
conditions specified appears to be the superior extraction procedure. 

In order to determine whether acetate-replacing factor activity could 

















TaBLeE III 
Acetate-Replacing Factor Activity of Acid Hydrolysates of Natural Materials and 
Extracts 
Material tested | Activity 

Weastiextract (DiHG0)”.......<.2.0s84<csmes neers eras | 25.1 (23.8-27.9) 

« « MSs ocasncseeie ae eee | 40.7 (40.0-41.9) 
ie SEIN 5s. cds ice cea te ae | 6.9 (4.9-10.0) 
BepeOnes CRE CO) ere scco:crsi6 ciais, ces coard a a ay al ane emote co 3.0 (1.8- 4.2) 
Proteose-peptone, No. 3° (Difco). 0.3.52... nescence | 13.3 (13.2-13.4) 
Belvarated! grass TUCO? so. 0055 te cet net Oe sen ee 5.6 (4.3- 7.6) 
Dried yeast, No. 200 (Anheuser-Busch)..................| 35.1 (24.4-47.6) 
Distillers dried solubles (Hiram Walker and Sons)....... 6.2 (3.3-11.4) 
TEWON NORIO: 25.5 cdcacas Recs ea Pheer ees 56.5 (42.9-80.6) 

* Unhydrolyzed. 

TaBLe IV 
Acetate-Replacing Factor Activity of Acid Hydrolysates of Rat Tissues 
Material tested | Activity 

DRM ld wha Sew acadis, ee BESS SE ee 7.4 (5.5-9.5) 
ian acids dicen pa RAR | 7.2 (5.7-8.6) 
POSEN e052. caveat slob 1 Ctacek es eS 5.3 (3.9-8.2) 
|) CO? Le i ee OREM ain ron a cin AO cy ce cei | 2.0 (1.43.6) 
REIGNS 2060s ig ool aeec cnacas oe Som ense le aa aera aca oem 2.1 (1.1-3.0) 
MARTON 300 Sh oh aw So EE Pe: 1.9 (0.9-4.2) 
PEO. oo live, eduss Stayt do aya wey a rea ee aR aac ae 1.5 (0.9-2.2) 
RGGI co: aie vasdexiace, staid pou o Soasaeln a ast toe Sey es 1.2 (0.7-1.7) 
11 i ar in nee e Meteenersrerrerie Nant cert mene ire kf toe cee 1.1 (0.6-2.0) 
BERGE se ed ese date incu Send loony 8 eee ee | 0.8 (0.0-1.7) 





be recovered from animal tissues in general, various rat tissues were assayed 
after acid hydrolysis. The results of this study are presented in Table IV. 
The data presented in Tables III and IV indicate that acetate-replacing 
factor activity can be recovered from diverse biological sources. 


SUMMARY 


A chromatographic analysis of Difco yeast extract by use of bioauto- 
graphs has revealed the existence of five acetate-replacing factors, pos- 
sessing Ry values 0.08, 0.25, 0.40, 0.60, and 0.90, respectively, with n- 
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butanol-water as the solvent system. When the individual factors ar 
rechromatographed, there is an appreciable conversion to the factor pos. 
sessing Ry value 0.60. In addition to these chemically related factor, 
there is a microbiologically inactive combined form or forms in pork liver, 
the source material used in most of our studies. 

Active material is released slowly from liver by autolysis and much more 
effectively by proteolytic enzymes or acid hydrolysis. These three types 
of extracts contain two acetate-replacing factors, possessing Ry values 
0.60 and 0.90, respectively, and apparently identical with two of the yeast 
extract factors. 

Autoclaving biological preparations with 6 N sulfuric acid for a period 
of 3 hours is suggested as the superior extraction procedure. By this 
method it has been shown that acetate-replacing factor activity can be 
recovered from diverse biological sources. 
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ACETATE-REPLACING FACTORS FOR LACTIC ACID 
BACTERIA 


II. PURIFICATION AND PROPERTIES 


By LESTER J. REED, MILTON E. GETZENDANER, BETTY G. DeBUSK, 
anp PATRICIA M. JOHNSTON 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, June 4, 1951) 


Studies with Difco yeast extract revealed the existence of five acetate- 
replacing factors, which are chemically related (1). In addition to these 
factors, a microbiologically inactive combined form (or forms) has been 
detected. Maximum release of acetate-replacing activity from biological 
preparations, in the form of only two of the yeast extract factors, is ef- 
fected by acid hydrolysis. Of the source materials investigated, acid- 
hydrolyzed liver residue contained the most acetate-replacing factor ac- 
tivity. Accordingly, procedures were devised to concentrate the two active 
principles in acid hydrolysates of liver residue. A description of the puri- 
fication procedures and some of the chemical properties of the active prin- 
ciples is reported in the present communication. 


EXPERIMENTAL 


Assay Procedure—The medium and procedure with a strain of Strep- 
tococcus lactis as the assay organism have been described (1). Certain 
modifications of this procedure were found to be necessary in assaying 
concentrates of the acetate-replacing factors. Water insolubility of the 
concentrates necessitated dissolving the samples initially in 95 per cent 
alcohol and then diluting an appropriate aliquot with water for the assay. 
The amount of alcohol present in any assay tube was 0.02 ce. or less. This 
amount of alcohol produced no stimulatory or inhibitory effect on the 
organisms. The distilled water used in diluting the samples was heated 
at the boiling temperature for 5 to 10 minutes and cooled in vacuo. This 
precaution was necessary because the laboratory-distilled water contained 
sufficient oxidizing substances (dissolved chlorine and oxygen) to cause 
partial inactivation of the active principles. 

Concentration of Acetate-Replacing Factors by Extraction with Organic Sol- 
vents—A number of small scale experiments were conducted with acid- 
hydrolyzed liver residue to determine an effective procedure for concen- 
trating the acetate-replacing factors. It was found that purification could 
be effected by adsorption and elution from Darco G-60. Of even more 
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significance was the observation that a substantial amount of the active 
factors in the hydrolysate could be extracted with organic solvents. The 
details of these exploratory experiments will not be reported here. The 
procedure which finally evolved from this study is presented below. 

Liver residue is extracted two or three times with n-butanol at 80° 
washed with acetone, and dried in the air or im vacuo until the odor o 
organic solvents is no longer detectable.' This process removes 20 to % 
per cent by weight of inactive oily material. 

6 pounds of the extracted liver residue are autoclaved for 3 hours at 
120° with 19 liters of 6 N sulfuric acid. The hydrolysate is filtered while 
hot through a layer of Hyflo Super-Cel and the insoluble material is washed 
with 2 liters of hot water. The combined filtrates possess a volume of 
22 liters and an activity of 40 to 80 acetate equivalents per mg. (based on 
the weight of extracted liver residue employed). The insoluble material 
is extracted by steaming for 30 minutes with two 6 liter portions of water, 
and filtered. These extracts contain 10 to 15 per cent of the activity of 
the original filtered hydrolysate and are used to prepare the 6 N sulfuric 
acid employed in the next run. 

The 22 liters of hydrolysate are placed in a 22 liter round bottom flask 
equipped with a solvent inlet tube, with a 30 mm. fritted glass disk at 
one end, extending almost to the bottom of the flask, and an outlet tube 
for removing the extracting solvent. Stirring is accomplished by means 
of a Mag-Mix magnetic stirrer.2 Benzene is allowed to drop into the inlet 
tube at the rate of 300 cc. per hour for a period of approximately 12 hours. 
The benzene extracts contain a total of 1.2 to 1.6 gm. of an orange-red oil 
possessing an activity of 60,000 to 90,000 acetate equivalents per mg., in 
approximately 70 per cent yield. This step represents approximately a 
1000-fold concentration over acid-hydrolyzed liver residue. The results 
of a typical run are given in Table I. Further extraction of the acid 
hydrolysate with benzene removed an insignificant amount of active ma- 
terial. Bioautographs (1) of the original acid hydrolysate and of the 
benzene extracts revealed the presence of two acetate-replacing factors, 
possessing Ry values 0.85 and 0.65, respectively, with 2 ,6-lutidine-water 
as the solvent system. Activity of the extracted acid hydrolysate ap- 
peared to be due mainly to the slower moving factor. 

Purification of Benzene Extracts by Treatment with Sodium Bicarbonate; 
Acidic Nature of Factors—Preliminary experiments with the benzene ex- 
tracts indicated that the active principles were acidic in nature. This 
finding suggested that the acetate-replacing factors should be separable 

1 It is essential to remove the organic solvents thoroughly at this stage. Other- 


wise, the amount of inactive solids extracted by benzene in the next step is increased. 
2 Obtained from the Precision Scientific Company, Chicago. 
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from neutral materials by extraction into dilute sodium bicarbonate solu- 
tion. Such was found to be the case. 

The combined benzene extracts from ten runs are evaporated in vacuo 
to a volume of approximately 1500 cc. and extracted with three 100 cc. 
portions of 5 per cent sodium bicarbonate solution. The aqueous extracts 
are acidified (pH <1) with 6 N sulfuric acid and extracted with a total of 
300 cc. of benzene. This procedure results in a 2- to 3-fold increase in 
activity, with an essentially quantitative yield. 

Partition Chromatography on Silica Gel—Partition chromatography on 
silica gel with alkaline buffers as the stationary phase has been successfully 
used in the separation of organic acids (2). Since the concentrates at 
this stage of the purification were essentially a mixture of organic acids, 


TABLE I 
Extraction of Acid-Hydrolyzed Liver Residue with Benzene 


Fraction | Volume Weight of solids Activity | Total activity 





| | 
kid hydrolysate................- | 92 liters | 2720 gm. 61* | 166,000,000 
Extracts of insoluble material. . ma 9* | 25,000,000 
Ist benzene extract.............. | 735 ec. | 631 mg. | 73,000 | 46,000,000 
Md“ Po ae | 950 | 474 * | 73,000 | 34,000,000 
ard“ Me edna | 900 « 332 “ | 72,000 | 24,000,000 
4th  “ Be deh attiatiacctececaeela | 1000 ‘‘ 239 “* | 56,000 | 13,000,000 
Extracted hydrolysate........... | 22 liters | 2720 gm. | 15* | 40,000,000 














Activity is expressed in acetate equivalents per mg. 
*These values are based on the weight of n-butanol-extracted liver residue 
subjected to hydrolysis. 


it seemed likely that partition chromatography would effect a purification. 
Small scale experiments were conducted with varying amounts of silica 
gel, buffers of different pH, and various organic solvents. The following 
procedure was found to be most effective. 

To 320 gm. of silica gel* in a large mortar were added slowly 192 cc. of 
2M potassium dibasic phosphate (pH 8.0). The mixture was ground for 
several minutes to insure good mixing, then suspended in benzene, and 
poured into a column of 5 cm. diameter. Active material (6.36 gm. in 
95 ee. of benzene) from the sodium bicarbonate extraction procedure was 
introduced onto the column, followed by a solution of 2 per cent n-butanol 
in benzene. Fractions of 100 cc. volume were collected. The results are 
presented in Table II. 

Fractions 10 to 15 represent 65 per cent of the initial activity. Bio- 
autographs of these fractions showed two zones of growth with Ry values 


’ Obtained from the Davison Chemical Corporation, Baltimore, Maryland. 
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0.85 and 0.65, respectively. The residue from evaporation of Fraction 1] 
was a light yellow viscous oil which has resisted attempts at crystalliza- 
tion. It gave half maximum growth of S. lactis at a level of 0.02 mygm. 
per cc. of medium. Growth response at such a low level suggests that the 
pure substance will be one of the most active growth factors known.* 

It was found that a major portion of the activity unaccounted for in 
the fractions described in Table II was still on the column and could be 
eluted by means of 95 per cent ethanol. Bioautographs of this eluate 
showed that activity was due mainly to the factor possessing Ry value 


TaBeE II 


Partition Chromatography on Buffered Silica Gel Column 











Fraction No. | Weight of solids | Activity Total activity 
| gm. | 
0 6.36 | 237 ,000 1,500,000, 000 
mg. | | 
3-7 138 | 14,000 | 2,000,000 
8 45 | 90 , 000 | 4,000,000 
9 70 312,000 | 22,000,000 
10 . 88 1,300,000 110,000,000 
11 88 | 3,300,000 | 290 ,000 , 000 
12 110 1,600,000 180,000,000 
13 105 | 1,400,000 | 150,000,000 
14 95 | 1,300,000 120,000,000 
15 | 103 1,200,000 120,000,000 
16 | 98 258 , 000 25,000, 000 
17 75 100,000 8,000, 000 
18-26 | 561 10,400 6,000,000 
27-33* | 805 4,000 3,000,000 





* Solvent, 5 per cent butanol in benzene. 


0.65. Previous results (1) indicate that the factor possessing Ry value 
0.85 is partially converted to the slower moving factor during the manipv- 
lations involved in preparing bioautographs. This observation would 
account for the appearance of two factors on bioautographs of the 2 per 
cent n-butanol-benzene fractions, and suggests that these fractions may 
contain only the faster moving factor. The results also suggest that the 
latter acidic factor is less polar than the acid with R» value 0.65. 

Chemical Properties of Acetate-Replacing Factors—The action of various 

4A report by Snell and Broquist (3) reveals that concentrates of the pyruvate 
oxidation factor of O’Kane and Gunsalus (4) and of “‘protogen,”’ an essential growth 
factor for Tetrahymena geleii described by Stokstad et al. (5), are very active in 
promoting growth of Lactobacillus casei in the absence of acetate. 
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reagents on the activity of concentrates of the acetate-replacing factors 
was studied in order to gain preliminary information concerning chemical 
properties of the factors. The criterion used was alteration of physiologi- 
cal activity of the concentrates. Inactivation was interpreted as an in- 
dication of a chemical reaction. A lack of destruction of activity by a 
given reagent was cautiously interpreted, since an active derivative or 
degradation product may have been formed. In these instances, bioauto- 
graphs were useful in ascertaining whether an active substance with mi- 
gration characteristics different from those of the original substances had 
been produced. The majority of the experiments was carried out on 1 or 2 
mg. quantities of a concentrate possessing an activity of 100,000 acetate 
equivalents per mg. This concentrate, as Judged from its behavior on 
silica gel columns, appeared to consist mainly of the acid possessing Rr 
value 0.85 and smaller amounts of the acid with Ry value 0.65. These 
experiments were conducted at a time when more highly purified material 
was available in very limited quantities. However, the results obtained 
have been checked repeatedly and it is believed that valuable information 
has been furnished. 

Parallel control experiments were conducted in which any inhibitory 
effect of a reagent could be detected and also the effect of each reagent 
on the activity of the concentrate when more than one reagent was em- 
ployed in a single reaction. 

Effect of Acid and Alkali—Inactivation was produced to a limited extent, 
if at all, by autoclaving with 6 N sulfuric acid, although interconversion of 
acetate-replacing factors may occur under these conditions (1). The con- 
centrate was apparently somewhat unstable to alkali. Although little, if 
any, destruction of activity occurred in 0.1 N and 1.0 N alkali at room tem- 
perature, 30 to 40 per cent inactivation was caused by autoclaving the 
reaction mixtures for 30 minutes at 120°. 

Esterification—Treatment with diazomethane and with methanolic HCl 
caused no inactivation of the concentrate. The active product was not 
extracted from organic solvents with dilute sodium bicarbonate. Bio- 
autographs revealed the presence of a single substance possessing Rr value 
0.95 in n-butanol-water and in 2,6-lutidine-water (1). Treatment of the 
active substance with 1 N sodium hydroxide at room temperature for 1 
hour resulted in regeneration of the active acids as revealed by bioauto- 
graphs. These results provide further evidence for the presence of a car- 
boxyl group in the two factors. 

Effect of Oxidizing and Reducing Agents—The concentrate was 70 per 
cent inactivated when heated on a steam bath for 15 minutes with a 3 per 
cent solution of hydrogen peroxide. Bioautographs indicated that the 
remaining activity was due mainly to the acid with R»y value 0.65. Treat- 
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ment with neutral permanganate at room temperature for 10 minutes 
resulted in 20 to 40 per cent inactivation; heating at 60° for 10 minutes 
resulted in total loss of activity. 

The concentrate was not inactivated by reduction with sodium in al- 
cohol or zine and hydrochloric acid. However, it was inactivated with 
hydrogen in the presence of PtO: catalyst. 

Effect of Bromine—Inactivation was produced by treatment with ue 
mine in carbon tetrachloride. 

Acetylation—No inactivation resulted from treatment with acety] chlo- 
ride-pyridine or acetic anhydride-pyridine mixtures. Treatment with 
phenyl isocyanate under anhydrous conditions did not cause inactivation 


in acidified alcohol at room temperature for 1 hour, or for 15 minutes at 
80°, failed to bring about inactivation, thus indicating the absence of an 
aldehyde or ketone. 

Effect of Nitrous Acid—Treatment with nitrous acid for 10 minutes at 
room temperature caused no inactivation. The absence of a basic group 
is further demonstrated by the fact that the active principles can be ex- 
tracted from strongly acid solutions by organic solvents. 


The authors wish to express their appreciation to Professor Roger J. 
Williams for his helpful suggestions and continued interest in this work, 
which is based in part on research conducted by one of us (M. E. G.) under 
the supervision of Professor Williams, in fulfilment of the requirements 
for the degree of Doctor of Philosophy at The University of Texas. We 
are indebted to Eli Lilly and Company for furnishing the n-butanol-ex- 
tracted liver residue used in this work. 


SUMMARY 


It has been shown that acid-hydrolyzed liver residue contains two 
chemically related acidic acetate-replacing factors. Benzene extraction of 
the acid hydrolysates effects a 1000-fold concentration in approximately 
70 per cent yield. Treatment of the benzene extracts with dilute sodium 
bicarbonate separates the active principles from neutral material, thereby 
effecting a 2- to 3-fold concentration. Partition chromatography on alka- 
line-buffered silica gel columns apparently separates the two acids and 
results in a 65 per cent yield of concentrates of the less polar acid (Rr 
value 0.85 on the bioautographs) which possess an activity of 1 to 3 X 10° 
acetate equivalents per mg. These concentrates represent approximately 
a 16,000- to 50,000-fold concentration over acid-hydrolyzed liver residue. 
The most active concentrate gives half maximum growth for Streptococcus 
lactis at a level of 0.02 mugm. per cc. of medium. 
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A study of the chemical properties of a concentrate of the two acids in- 
dicates that they are not inactivated by heat or acid treatment, but are 
partially inactivated by alkali. Activity is not destroyed by acetylation 
nor by use of a carbonyl reagent. The presence of an easily oxidizable 
group or groups and the absence of a basic group is indicated. 
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Various colorimetric methods of estimating epinephrine have been de- 
scribed by different workers using different chemical reagents such as 
potassium persulfate (1), mercuric chloride (2-4), potassium iodate (5), 
ammonium molybdate (6), diazobenzenesulfonic acid (7), and the ninhy- 
drin test (8). None of the methods, however, is satisfactory for the esti- 
mation of epinephrine in blood. Some are not sufficiently sensitive, while 
with others it is either difficult to produce the color due to the presence 
of interfering substances or the color reaction is not specific. Barker and 
his associates (9) have investigated most of the color tests and have found 
that some of them are unreliable even for the qualitative estimation of 
epinephrine. They have estimated epinephrine with Folin’s reagent (10) 
and also with potassium persulfate and have observed that, although the 
former is 10 times more sensitive and gives better results with pure epi- 
nephrine, it is not sufficiently specific. The persulfate test, on the other 
hand, was specific and gave satisfactory results when applied to biological 
materials when conditions such as temperature and pH were controlled. 

We have confirmed the specificity of the persulfate test for epinephrine. 
However, this test is less sensitive. Hence, it is not possible to determine 
low concentrations of epinephrine in blood. Further, the color is not easily 
developed, owing possibly to the presence of reducing substance like ascor- 
bic acid which reduces the persulfate. 

The epinephrine content of adrenal glands has been determined with 
Folin’s reagent by several workers (11-14). Both epinephrine and ascor- 
bic acid give a blue color with Folin’s reagent, and Rees (13) and Banerjee 
(14) have estimated the epinephrine content of adrenal glands by sub- 
tracting the blue value for ascorbic acid from the total blue value of the 
trichloroacetic acid extract of the gland. This process is, however, more 
or less suitable only when epinephrine concentration is either high or low 
as compared with the ascorbic acid content of the gland and when other 
interfering substances like glutathione, cysteine, uric acid, and ergothio- 
nine, which also give a blue color with Folin’s reagent, are known to be 
either absent or present in low concentrations. Using a Lumetron photo- 
electric colorimeter, we have observed that when a dilute solution of 
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epinephrine reacts with Folin’s reagent the blue color produced is approxi- 
mately twice that produced by an equal amount of ascorbic acid, whereas 
the intensities of color produced by equal weights of uric acid, cysteine, 
and glutathione are, respectively, one-fifth, one-tenth, and one-twentieth 
that derived from epinephrine. If all the interfering substances are elimi- 
nated by suitable treatments, the rapid estimation of a small amount of 
epinephrine becomes possible. We have observed that a 10 per cent solu- 
tion of sodium bicarbonate completely destroys a dilute solution of ascor- 
bic acid and cysteine and partly destroys glutathione without affecting 
epinephrine. After the bicarbonate treatment, if the solution is treated 
with 5 per cent sodium hydroxide, only epinephrine is destroyed without 
affecting uric acid, ergothionine, and the remaining glutathione. From the 
difference of the colorimeter readings of the two samples, one after treat- 
ment with bicarbonate alone and the second after treatment with bicarbo- 
nate followed by sodium hydroxide, a true value for epinephrine is 
obtained. In the present communication a method of estimation of epi- 
nephrine in blood and in adrenal glands has been described based on the 
above principle. 


EXPERIMENTAL 


Color Concentration Curves of Epinephrine, Ascorbic Acid, Uric Acid, 
Cysteine, and Glutathione in Pure Solution with Folin’s Tungstic Acid Re- 
agent—Dilute solutions, 10 y per ce., of l-epinephrine, /-ascorbic acid, 
L-cysteine, and glutathione were prepared with 0.2 n hydrochloric acid. 
A standard uric acid solution was made according to the method of Folin 
(15), from which a dilute solution, 10 y per cc., was prepared with water. 
Aliquots containing 1, 2, 3, and 4 y of epinephrine, ascorbic acid, cysteine, 
and glutathione were each made up to 0.5 ec. with 0.2 n hydrochloric acid. 
Equal aliquots of uric acid solution were made up to 0.5 cc. with water. 
Then 0.25 ce. of Folin’s reagent, 0.75 ec. of 5 per cent sodium hydroxide, 
and 0.5 ec. of 10 per cent sodium bicarbonate were added to each. The 
blue color which developed instantaneously reached its maximum inten- 
sity within 14 minutes and was measured in a Lumetron photoelectric 
colorimeter with a 512 mu filter. The results are shown in Fig. 1. 

Effect of Sodium Bicarbonate on Destruction of Ascorbic Acid in Presence 
of Epinephrine—Three sets of test-tubes, each set containing four test- 
tubes 4 inches X 3 inch, were arranged as shown in Table I. Before the 
addition of sodium bicarbonate solution the test-tubes of Sets I and II 
were cooled to 15°. The bicarbonate solution was allowed to run slowly 
down the inside of the tubes. The tubes were rotated gently and kept 
at room temperature (30°) for half an hour. The carbon dioxide which 
slowly evolved preserved the epinephrine. 0.25 cc. of Folin’s reagent, 
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followed by 0.75 cc. of 5 per cent sodium hydroxide, was then added to 
each of the test-tubes. Tubes of Set III received in the following order 
0.25 ec. of Folin’s reagent, 0.5 cc. of 10 per cent sodium bicarbonate, and 
0.75 ec. of 5 per cent sodium hydroxide. The blue color which developed 
was measured in a Lumetron photoelectric colorimeter within 1} minutes, 
because after this time the solution becomes turbid. The results are given 
in Fig. 2. 
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Fig. 1. Color produced by l-epinephrine, l-ascorbic acid, L-cysteine, and gluta- 
thione when treated with Folin’s reagent. 


Effect of Sodium Bicarbonate and Sodium Hydroxide on Destruction of 
Glutathione—Three sets of test-tubes, each set containing four test-tubes, 
were arranged as shown in Table II. All the test-tubes were kept at 
room temperature (30°) for half an hour, after which 0.25 ce. of Folin’s 
reagent was added to each of them. The test-tubes of Set I received in 
addition 0.5 ce. of sodium bicarbonate (10 per cent), followed by 0.75 ce. 
of 5 per cent sodium hydroxide, and the test-tubes of Set II received 0.75 
ec. of 5 per cent sodium hydroxide. The blue color developed was meas- 
ured as described above. The results are shown in Fig. 3. 

Extraction of Epinephrine in Blood and Adrenal Gland—1 cc. of blood 
containing a minimum amount of oxalate was laked in a centrifuge tube 
with 2 ce. of water. 3 cc. of a 10 per cent solution of trichloroacetic acid 











870 ESTIMATION OF EPINEPHRINE 


were then added. The mixture was then shaken and centrifuged and the 
clear liquid taken for the estimation of epinephrine. 














TABLE I 
Effect of Sodium Bicarbonate on Destruction of Ascorbic Acid in Presence of 
Epinephrine 
Set No. | | Tube 1 | Tube 2 | Tube 3 Tube 4 
a net ee = ee eo a a 
P| Ascorbic acid (40 y per cc.) | 0.1 | 0.1 0.1 0.1 
| Epinephrine (10 y per cc.) 0.1 | 0.2 0.3 0.4 
| Hydrochloric acid (0.2 n) |} 03 | 0.2 | O.1 0 
| Sodium bicarbonate (10%) | 0.5 | 0.5 | 0.5 0.5 
II | Epinephrine (10 y per cc.) | 2051 | 0.2 0.3 0.4 
Hydrochloric acid (0.2 n) | 0.4 0.3 0.2 0.1 
| Sodium bicarbonate (10%) | 0.5 | 0.5 0.5 0.5 
III | Epinephrine (10 y per cc.) | 0.1 | 0.2 0.3 0.4 
| Hydrochloric acid (0.2 n) | 0.4 | 0.3 0.2 | 01 
0’ 
(0) 
70+ ro) 
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j= 
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1 —— pe 
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in MICROGRAMS 
Fig. 2. Effect of sodium bicarbonate on the color produced by l-epinephrine and 
l-ascorbic acid when treated with Folin’s reagent. ©, pure epinephrine; [, epi- 
nephrine treated with 0.5 cc. of 10 per cent NaHCO;; A, epinephrine and 4 + of as- 
corbic acid treated with 0.5 cc. of 10 per cent NaHCOQs. 


The adrenal gland was minced in a glass mortar with pure sea sand and 
3 cc. of a 10 per cent solution of trichloroacetic acid. The minced material 
was transferred into a graduated centrifuge tube. The volume was made 
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up to 6 cc. by washing the mortar with water. After centrifugation the 
clear supernatant fluid was taken for the estimation of epinephrine. 
Colorimetric Estimation of Epinephrine in Trichloroacetic Acid Extract of 
Blood and Adrenal Gland—0.5 ce. of trichloroacetic acid extract of blood or 
0.1 to 0.4 ec. of extract of adrenal gland containing not more than 4 y of 

















TABLE II 
Effect ns Sodium Bicarbonate and Sodium Hydroxide on Destruction of Glutathione 
Set No. | Tube1 | Tube 2 F Tube 3 | Tube 4 
pi Bah ease ae eee ee — =a 
| cc. cc. ce. od ce. 
I | Glutathione (100 y per cc.) 0.1 0.2 * | 0.4 
| Hydrochloric acid (0.2 n) 0.4 0.3 | re | 0.1 
II | Glutathione (100 y per ce.) 0.1 0.2 | 0.3 | 0.4 
| Hydrochloric acid (0.2 n) 0.4 0.3 | 0.2 | Ca 
| Sodium bicarbonate (10%) 0.5 0.5 | 0.5 | 0.5 
III Glutathione (100 y per cc.) | 0.1 0.2 | 0.3 | 0.4 
Hydrochloric acid (0.2 n) | Ge bohke | em | aa 
cnanae bicarbonate (10%) | 0.5 | 0.5 | 0.5 | 0.5 
hydroxide (5%) | 0.75 | 0.75 | 0.75 | 0.75 
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Fig. 3. Effect of sodium bicarbonate and sodium bicarbonate and sodium hy- 
droxide combined on the color produced by glutathione with Folin’s reagent. ©, 
pure glutathione; H, glutathione treated with 0.5 cc. of 10 per cent NaHCO;; A, 
glutathione with 0.5 ce. of 10 per cent NaHCO; and 5 per cent NaOH. 


ascorbic acid and 4 y of epinephrine was placed in two test-tubes 4 inches 
X Z inch. In the case of adrenal gland extract the volume was made up 
to 0.5 ce. with 5 per cent trichloroacetic acid. One of the test-tubes was 
cooled to 15° for 5 minutes; 0.5 cc. of a 10 per cent solution of sodium bi- 
carbonate was then added to the cooled tube very slowly and the contents 
were mixed by gently rotating the tube. To the second tube 0.5 cc. of a 
10 per cent solution of sodium bicarbonate and 0.75 cc. of a 5 per cent solu- 
tion of sodium hydroxide were added and the contents well mixed by shak- 
ing. Both tubes were kept at room temperature (30°) for 30 minutes, 
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Sodium bicarbonate in the first tube destroyed ascorbic acid and cysteine 




















and part of glutathione present in the extract. Sodium bicarbonate and 
TasB_eE III 
Recovery of Epinephrine Added to 0.5 Cc. of Blood 
| Epinephrine 
Blood sample No. {Se ee ee Sete she Oe eee 
| Added Estimated | Recovered 
hss <> lO _ ae 5 nd ge —_ ay as per cent 
la 0 3.8 | 
ib 8 | 11.8 | 100 
2a 0 4.9 | 
2b 6 | 10.0 | 91 
3a 0 | 4.0 | 
3b 5 | 8.8 | 97.7 
TaBLe IV 
Epinephrine Content of 1 Cc. of Blood 
Species | 
pee £ ¥ = ; ae 
ME re ee a tcc te oh sre avidin CRA ae teed ee | 9.8 
RRR Fl ocr IN PRM th Ses acer pitas Sete RTS eae ne ON | 10.0 
Ra ic SW dee tn ones apd eee | 7.6 ° 
RPE i errant NTA eee i a a tdi ced, 3g, TURE | 9.8 
ee het iss) PPR nde aan tas ab ORR | 9.9 
sa AMRA REE NGE A oe oe aes gH Tt ey 2 Das cs Mand hu Re EC | 14.0 
zs 20. COT ae AOE ter ee ET. ORNS, ST om TEU 10.6 
PAON A hase ool AO. nea kira logs sce ek “sf 9.1 
ee BONE ace i I, het re tg 3 a ao kag re 10.1 
PUMA ea ee foc oo i2s fen epee seins eA Gisrndud tui uate Bak toe tsk | 10.9 
MMR eS acetate Mis te ee IE Oe oe Oe eRe eee 10.8 
FRE RG eis DEES LCT CET ET re |e eM ORR Ne cht ee Ctr 16.0 
TABLE V 
Epinephrine Content of 1 Gm. of Fresh Adrenal Gland of Rabbits 
Rabbit No. 
—% 
1 | 306 
2 342 
3 419 
t 
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sodium hydroxide in the second tube destroyed epinephrine, ascorbic acid, | 
and cysteine without affecting uric acid, ergothionine, and a portion of 


glutathione not destroyed by the bicarbonate treatment alone. After half 


| 
| 
t 
! 


an he 
the f 
The 
phot 
the f 
a ste 


amot 
mati 
mett 
E; 
tent 
and 
dese 


Ir 
drav 
acid 
pres 
obse 
witl 
half 
plet 
(16) 
stro 
whe 
stro 
fror 
carl 
Fol 
tha 
pos 
100 
epi 
tion 
qui 


XUM 


steine 
> and 





el 
acid, | 
/ 

yn. of 


r half 


N. C. GHOSH, C. DEB, AND S. BANERJEE 873 


an hour 0.25 cc. of Folin’s reagent was added to each of the test-tubes and 
the first tube received in addition 0.75 cc. of 5 per cent sodium hydroxide. 
The blue color developed was read within 13 minutes in the Lumetron 
photoelectric colorimeter. From the difference between the readings of 
the first and the second tube the value for epinephrine was obtained from 
a standard curve. 

Recovery of Epinephrine in Blood Samples—Epinephrine in different 
amounts was added to 0.5 ce. samples of oxalated human blood and esti- 
mations of epinephrine were carried out to determine the accuracy of the 
method. The results are given in Table III. 

Epinephrine Content of Blood and Adrenal Gland—The epinephrine con- 
tent of blood obtained from rats, rabbits, guinea pigs, monkeys, and man 
and of the adrenal gland of rabbits was estimated according to the method 
described above. The results are given in Tables IV and V. 


DISCUSSION 


In the colorimetric estimation of epinephrine with Folin’s reagent the 
drawbacks are that Folin’s reagent also gives a blue color with ascorbic 
acid, uric acid, ergothionine, cysteine, glutathione, etc., which might be 
present in the biological materials along with epinephrine. It has been 
observed that 4 y of ascorbic acid are completely destroyed when mixed 
with bicarbonate in the cold and kept at ordinary room temperature for 
half an hour. Similar treatment does not destroy epinephrine but com- 
pletely destroys cysteine. Cysteine is possibly converted into lanthionine 
(16) and cannot react with Folin’s reagent. Glutathione is partly de- 
stroyed by the bicarbonate treatment and no further destruction occurs 
when sodium hydroxide is added. Uric-acid and ergothionine are not de- 
stroyed by the bicarbonate and alkali treatments. Therefore if extracts 
from biological materials are treated separately with bicarbonate and bi- 
carbonate and sodium hydroxide combined and then allowed to react with 
Folin’s reagent, the interfering effects of most of the substances other 
than epinephrine are eliminated and estimation of epinephrine becomes 
possible. From the recovery experiments it has been found that 91 to 
100 per cent epinephrine added to samples of blood can be recovered if 
epinephrine is estimated by the above procedure. The method of estima- 
tion of epinephrine described in the present paper, therefore, seems to be 
quite specific. 


SUMMARY 


A colorimetric method of estimatiorr of epinephrine in blood and adrenal 
gland with Folin’s reagent has been described. 

Blood or adrenal gland is extracted with trichloroacetic acid. An ali- 
quot of the extract is treated with bicarbonate and another with bicar- 
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bonate and sodium hydroxide combined for half an hour. The solutions 
are then allowed to react with Folin’s reagent and the blue color developed 
is measured in a photoelectric colorimeter. From the difference in the 
intensity of colors by the two treatments the epinephrine value is caleu- 
lated from a standard curve. 

The epinephrine content of blood from rats, rabbits, guinea pigs, mon- 
keys, and man and of the adrenal gland of rabbits has been determined 
and the results are presented. 


Standard epinephrine was obtained by the courtesy of Dr. B. Mukerji, 


director of the Central Drugs Laboratory, Government of India. 


BIBLIOGRAPHY 


. Ewins, A. J., J. Physiol., 40, 317 (1910). 

. Comessatti, G., Berl. klin. Wochschr., 48, 356 (1909). 

. Paget, M., and Locheac, P., J. pharm. et chim., 8, 159 (1928). 
. Bailly, O., J. pharm. et chim., 30, 404 (1924). 

. Hale, N., and Seidell, A., Am. J. Pharm., 83, 551 (1911). 

. Rae, J., Pharm. J., 125, 451 (1930). 

. Azzolini, B., Boll. chim. farm., 70, 665 (1981). 

. Orru, A., Ann. chim. appl., 19, 239 (1929). 

. Barker, J. H., Eastland, C. J., and Evers, N., Biochem. J., 26, 2129 (1932). 
10. Folin, O., and Trimble, H., J. Biol. Chem., 60, 473 (1924). 

11. Maiweg, H., Biochem. Z., 184, 292 (1922). 

12. Baker, L. C., and Marrian, G. F., Biochem. J., 21, 1005 (1927). 

13. Rees, H. G., Quart. J. Pharm. and Pharmacol., 9, 659 (1936). 

14. Banerjee, S., J. Biol. Chem., 159, 327 (1945). 

15. Folin, O., J. Biol. Chem., 101, 111 (1933). 

. du Vigneaud, V., and Brown, G. B., J. Biol. Chem., 188, 151 (1941). 


COnNoark wh 








THE 


Al 
activ 
has | 
of th 
Such 
amor 
oral 
the | 
poss’ 
hyde 
tion 
to p 
conc 

Ir 
emp 


tions 
lc yped 
n the 
caleu- 


mon- 
mined 


ikerji, 





THE METABOLISM OF ADRENALIN CONTAINING ISOTOPIC 
CARBON* 


By RICHARD W. SCHAYER 


WITH THE TECHNICAL ASSISTANCE OF Rosa L. SMILEY 


(From the Rheumatic Fever Research Institute. Northwestern University Medical 
School, Chicago, Illinois) 


(Received for publication, April 23, 1951) 


Although there are several possible reactions to explain the rapid in- 
activation of adrenalin after administration to mammals, the best evidence 
has been advanced in support of two. The first of these is conjugation 
of the phenolic hydroxy] groups as the sulfate (1, 2) or glucuronide (3, 4). 
Such conjugates have been isolated from urine after the ingestion of large 
amounts of adrenalin. However, since the route of administration was 
oral and the quantities used were non-physiological, their formation in 
the course of normal adrenalin metabolism is questionable. The second 
possible route of inactivation involves oxidation of adrenalin to an alde- 
hyde and methylamine, effected by the enzyme amine oxidase. This reac- 
tion has been demonstrated in vitro by Richter (5), but it is considered 
to provide an inadequate explanation for the rapid disappearance of low 
concentrations of adrenalin in the circulating blood (1, 6). 

In this paper, under conditions more nearly physiological than those 
employed in past investigations, it is shown that in the rat and rabbit 
conjugation occurs to a negligible extent, demethylamination occurs to a 
significant extent, and a reaction involving cleavage of the molecule at 
some point between the 6-carbon and the methyl carbon is a major route 
of adrenalin metabolism. 


EXPERIMENTAL 


Isotopic Compounds—Methy1-C"-dl-adrenalin was synthesized by the re- 
action of C-methylamine! and chloroacetyl catechol, producing methyl- 
C¥-dl-adrenalone (7). The hydrochloride was formed and hydrogenated 
to adrenalin (8). The activity was 1.00 X 10° ¢.p.m. per mg., measured 
by a flow counter. Analytical data for non-radioactive adrenalin syn- 
thesized by similar reactions and the synthesis of 6-C'!-dl-adrenalin have 
been presented (9). 


* This investigation was supported in part by research grants from the United 
States Public Health Service and the Chicago Heart Association. 

‘Radioactive methylamine was obtained from Tracerlab, Inc., Boston, Massa- 
chusetts, on allocation from the Isotopes Branch, United States Atomic Energy 
Commission. 
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Determination of Adrenalin Conjugates in Urine—Adrenalin analyses of 
urine were performed by ‘assay of carrier adrenalin for radioactivity, as 
previously described (9). Although small amounts of adrenalin appear to 
be stable during acid hydrolysis (1), one-half of the total carrier was added 
to the urine before hydrolysis to eliminate errors caused by possible de. 
struction of minute quantities of radioactive adrenalin. The amounts of 
adrenalin found in urine before and after hydrolysis and the difference 
between these values, representing adrenalin in conjugated form, are shown 
in Table I. 

Comparison of Percentage Excretion of C in Urine after Administration 
of Methyl-C'-adrenalin and B-C*-Adrenalin—After injection of labeled ad- 
renalin rats were placed on a wire screen in a beaker to facilitate quantita- 
tive collection of urine. In long term experiments only the voided urine 
was assayed; in the experiments of 4 hours duration the animals were 
killed and the contents of the bladder added to the voided urine. The 
values obtained are shown in Table IT. 

Comparison of Percentage of Total Radioactivity in Ether-Extractable Frac- 
tions of Urine after Administration of Methyl-C"-adrenalin and B-C'*-Adren- 
alin—After administration of labeled adrenalin to rats the urine was col- 
lected for approximately 16 hours at 0°. Fractionation was as follows: 
Ether Fraction I is the fraction extractable by ether from acidified urine; 
Ether Fraction IT is the fraction extractable by ether from acid-hydrolyzed 
urine from which Ether Fraction I had been removed previously; Ether 
Fraction III is the ether portion after extraction of Ether Fraction I with 
1 per cent sodium bicarbonate solution; Ether Fraction IV is the ether 
portion after extraction of Ether Fraction II with 1 per cent sodium bi- 
carbonate solution. The values obtained are shown in Table ITI. 

Analysis of Respired Air for Radioactive Carbon Dioxide and M ethylamine 
after Administration of Methyl-C'*-adrenalin—Expired carbon dioxide from 
a rat injected subcutaneously with 4 y of methyl-C-"-adrenalin per gm. 
of body weight was significantly radioactive and accounted for roughly 
10 per cent of the total C™ in 24 hours of collection. Because of the large, 
unphysiological quantity of adrenalin required to produce significant ac- 
tivity in the respired carbon dioxide, these results must be considered as 
qualitative only. Assay of respired air from a rat given a similar injection 
indicated that C' methylamine or other radioactive substances soluble in 
dilute hydrochloric acid were not present in significant amounts. 

Percentage of C'* Excreted in Urine after Administration of Radioactive 
Methylamine—Urine, collected for 19 hours from rats injected intrave- 
nously at a level of 0.10 y of C-methylamine hydrochloride per gm. of 
body weight, contained 22 per cent of the total radioactivity. 
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DISCUSSION 


Occurrence of Adrenalin Conjugates—The data of Table I demonstrate 
that at very low concentrations of intravenously injected adrenalin inac- 
tivation by conjugation was undetectable in rats (Experiment 1) and 
insignificant in a rabbit (Experiment 3). At a higher concentration small 
amounts of free adrenalin and adrenalin conjugates were found (Experi- 
ment 2). After feeding a rat a relatively large quantity of adrenalin, a 
significant percentage of the isotope was excreted as adrenalin conjugates 
(Experiment 4). Experiment 4 proves that the techniques employed in 
the present study are satisfactory for the detection of adrenalin conjugates 
in urine. It also confirms findings of investigators who have isolated ad- 


TABLE | 
Pree and Conjugated Adrenalin in Urine after Administration of B-C'4-dl-Adrenalin 


| | | Per cent of total administered 


| | radioactivity 
| 





Experi- ‘ No. of | Method of Dose per |___ Paseo 
wat | Species onlinale sdisalalatratio’ | ~~ | Before After Diff 
| | 8 | hydrolysis | hydrolysis d she 
| | | (free (total | (adrenalin 
| | | adrenalin) adrenalin) | Conjugates) 
a on a ee ee ae -——_—_|---—— eS 
| Y 
1 Rat 6 Intravenous _— 0.04 0.0 0.0 | 0.0 
2 « 6 “ 0.30 oe 3.0 
3 | Rabbit 1 " 0.10 0.0 | <0.5 | <0.5 
4 | Rat 1 Feeding | 45 | <0.5 | 18 18 
| ! | 








renalin conjugates from the urine of humans (2) and rabbits (4) after 
ingestion of free adrenalin. 

. Since at the lowest levels of intravenously injected adrenalin no con- 
jugates were formed, it seems likely that under physiological conditions 
conjugation plays an insignificant réle in the inactivation of adrenalin by 
rats and rabbits. Formation of large amounts of conjugates seems to de- 
pend on administration by feeding and suggests that the intestine or liver 
is the site of the conjugation reaction. 

Comparison of Percentage Excretion of C in Urine after Administration 
of Methyl-C'-dl-adrenalin and B-C'4-dl-Adrenalin—The data in Table II 
indicate that at least 40 to 45 per cent of the methyl carbons is removed 
from the side chain of adrenalin when administered to rats. The methyl 
carbon may be lost as a methyl group or by the formation of methyl- 
amine (for which evidence will be cited later) or possibly by other means. 
Whether the methyl group is lost by demethylamination or another reac- 
tion, it is probable that 40 to 45 per cent represents a minimum, since, 
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whatever fragment is produced, it is likely that a certain percentage of 
the isotope would be excreted in the urine. For example, after injection 
of concentrations of methylamine comparable to the concentrations of ad- 
renalin used, 22 per cent of the isotope was excreted in the urine. After 
administration of methyl-C'-methionine to a rat, Mackenzie et al. found 
16 per cent of the isotope in the urine in 24 hours (10). A significant pro. 
portion of the C“ in the methyl group of adrenalin is oxidized to carbon 
dioxide. In this it differs from the C™ in the 8-position, which produces 
no carbon dioxide (9) but is quantitatively excreted in the urine in as 
little as 4 hours when given intravenously at low concentrations. In Table 


TABLE II 


Excretion of C in Urine after Administration of Methyl-C"-dl-adrenalin and 
B-C"4-dl-Adrenalin 

















| | No. of | | | Per cent of —_ _ 
Experi- | | animals | Method of | P Dose per activity excreted after 
| . : | | Time of 
_ | Species cee | administration | collection ort al Sees 
; adrenalin | | 7 |Methyl-Cv- | B-C¥. 
| | | | | adrenalin | Adrenalin 
Sn ee ee ee eS ee eee) Res) Ee = 
| | hrs. Od 
1 | Rat | 1 | Subcutaneous | 16 1.0 48 105 
Pe. * | 56 87 
| | . | 50 100 
a ¥ 51 82 
2 as | 6* | Intravenous | 19 0.30 61 100 
3 ce ce | oe | 4 0.04 | fies 98 
ey ia | | | 5B 101 
| 1 i | | | 56 100 
} 1 . | | | 55 106 
4 | Rabbit 2* “ 18 | 0.04 | 55 106 


| 





* Combined urine samples. 


II, Experiment 4, the data for rabbits, although meager, are sufficient to 
indicate that there is no gross difference from rats in excretion of the 
isotope of the two differently labeled adrenalins. 

Radioactivity in Ether-Extractable Fractions of Urine after Administration 
of Methyl-C-dl-adrenalin and B-C'-dl-Adrenalin—The data presented in 
Table III show that, whereas 16 to 24 per cent of the total radioactivity 
in urine from rats given §-labeled adrenalin was found as ether-soluble 
substances, similar ether fractions of urine from rats given the methyl 
labeled adrenalin were invariably devoid of radioactivity. This strongly 
suggests that about 20 per cent of the adrenalin undergoes a reaction in- 
volving loss of methylamine, since loss of the amino group would be re- 
quired if the substances were extractable from acid solution by ether. An 
alternative explanation may be ring closure, forming an indole derivative 
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in which the nitrogen is non-basic, but this seems improbable, as a con- 
comitant quantitative loss of the methyl group would be essential to ex- 
plain the absence of radioactivity in the ether extracts of urine from rats 
which had received methyl-labeled adrenalin. 

At least two adrenalin metabolites are present in the ether fractions. 
The radioactivity in Ether Fraction I is entirely removed by two extrac- 
tions with 1 per cent sodium bicarbonate solution; a portion of the radio- 
activity in Ether Fraction II resists repeated extraction with bicarbonate. 
If demethylamination of adrenalin occurred, the remainder of the molecule 
would be 3,4-dihydroxymandelaldehyde. It is possible that the neutral 
substance accounting for the radioactivity in Ether Fraction IV may be 


TaBLe III 


Radioactivity in Ether-Extractable Fractions of Urine after Administration of 
Methyl-C'4-adrenalin and B-C'4-Adrenalin 





























Per cent of total radioactivity 
Experi- Naw ak Mathad!of Dose per} Position of etn 
ay Species animals administration gory “uate Biker:| Eehec: | wines | eehee 
Frac- | Frac- | Frac- | Frac- 
tion I* |tion II* |tion III*|tion IV* 
¥ 
1 Rat 6 Intravenous 0.30 | B 4.2 | 14 0.0 | 4.9 
6 oo 0.30 | Methyl | 0.0 0.0 
2 ee 3 Subcutaneous | 3.0 B 5.6 | 18 0.0 | 7.0 
3 . 3.0 Methyl | 0.0 0.0 
3 se 6 Intravenous 0.01 |B &Y | 
4 Rabbit 2 2 0.04 | ‘ 3.4 2.3} 0.0 | 1.0 
2 ie 0.04 | Methyl | 0.0 0.0 




















* Described in the text. 


this aldehyde or a more stable, but neutral, conversion product. The 
oxidation product of the aldehyde, 3,4-dihydroxymandelic acid, may be 
the acidic substance accounting for all of the radioactivity in Ether Frac- 
tion I and a portion of Ether Fraction II which is extractable from ether 
by bicarbonate. At present the identity of the ether-soluble substances 
is uncertain. It should be noted that the neutral ether-soluble substance 
does not occur free in urine but is released by acid hydrolysis. This con- 
firms information previously obtained from comparison of paper chromato- 
grams of extracts of urine from rats receiving 6-labeled adrenalin, before 
and after hydrolysis (9). The percentages of radioactivity in the ether 
fractions were approximately the same in rats regardless of the dose of 
adrenalin or the method of injection. Data from one experiment with 
rabbits (Table III, Experiment 4) show that no qualitative difference was 
discernible between rabbits and rats in this aspect of adrenalin metabolism. 
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Although the data show that inactivation of only about 20 per cent of 
the total adrenalin can be attributed to demethylamination with any degree 
of certainty, it may be that this reaction occurs to a greater extent but 
produces ether-insoluble compounds. Butanol fractionation of urine pro. 
duced data which could not be interpreted unequivocally. At present no 
inference can be made regarding other reactions by which the methy! 
carbon is removed from adrenalin. The degree of excretion of isotope 
from such compounds as C'-methylamine and methyl-C'*-methionine seems 
insufficient to account for the quantities of isotope excreted from methyl. 
C"-adrenalin and allows the possibility that a route of inactivation of 
adrenalin, not involving loss of the methyl carbon, may exist. The pos. 
sibility of catabolism toward melanines through indole derivatives is being 
investigated with 6-C"-dl-adrenochrome. 

Finally, the presence of d-adrenalin complicates the picture. Although 
both isomers have been shown in vitro to be substrates for amine oxidase 
(11), should the unnatural isomer differ markedly in metabolic route in 
vivo from natural l-adrenalin, it is possible that only one isomer loses the 
methyl carbon, while the other is largely excreted in urine in an altered 
form but still retains the methyl group. Clarification of the matter awaits 
the availability of pure l-adrenalin possessing adequate radioactivity. 


SUMMARY 


1. dl-Adrenalin labeled in the methyl group with C™ has been synthe- 
sized. 

2. A significant percentage of the methyl carbon of adrenalin adminis- 
tered to rats is oxidized to carbon dioxide. 

3. After intravenous injection of small quantities of B-C'-adrenalin, no 
conjugates could be detected in the urine of rats and only traces in the 
urine of rabbits, indicating that conjugation is not a route of adrenalin 
inactivation under physiological conditions. 

4, After feeding large quantities of 6-C'*-adrenalin to a rat a considerable 
amount of conjugated adrenalin was found in the urine, the conjugation 
occurring presumably in the intestine or liver. 

5. Although all of the C“ of small quantities of 6-labeled adrenalin is 
excreted in the urine by rats and rabbits in as little as 4 hours, the C" of 
methyl-labeled adrenalin is only slightly more than one-half excreted under 
similar conditions. It is concluded that a reaction or reactions involving 
cleavage of the molecule at some point between the 6-carbon and the 
methyl! carbon constitutes a major pathway of adrenalin metabolism. 

6. Urine from rats and rabbits receiving 6-C'-adrenalin has significant 
amounts of radioactivity in the ether-soluble fractions; ether extracts of 
urine of animals given methyl-C“-adrenalin are completely free of radio- 
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activity. At least two ether-soluble adrenalin metabolites are formed. It 
is concluded that these substances are formed from adrenalin by loss of 
methylamine. 

7. Other aspects of adrenalin metabolism are discussed. 
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THE ROLE OF a-KETO-8-ETHYLBUTYRIC ACID IN THE 
BIOSYNTHESIS OF ISOLEUCINE* 


By H. EDWIN UMBARGER}{ anp EDWARD A. ADELBERG 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts, and the Department of Bacteriology, University of 
California, Berkeley, California) 


(Received for publication, May 12, 1951) 


In 1943, Bonner, Tatum, and Beadle (1) found that the isoleucine- 
valine-requiring mutant strain of Neurospora crassa (No. 16117) could use 
the a-keto acids in place of the respective amino acids for growth. These 
results were obtained with keto acids prepared by the enzymatic oxida- 
tion of the corresponding amino acids; crude preparations were used for 
the nutrition experiments. 

In 1946, Bonner (2) repeated the experiments, using synthetically pre- 
pared keto acids. A competitive inhibition between these compounds was 
reported, as well as the observation that strain 16117 was unable to utilize 
synthetic a-keto-8-methyl-n-valeric acid for growth, although it was able 
to use synthetic a-ketoisovaleric acid.!. This was in direct contrast with 
the results previously obtained with enzymatically prepared keto acids. 

At least two other reports have been published in which experiments 
involving ‘‘ketoisoleucine” have been described. In one of these, Tatum 
(3) reported experiments showing that the inhibition of wild type Escher- 
ichia coli by valine could be reversed by isoleucine but not by the keto 
acid and that certain mutant strains of bacteria were capable of using the 
dihydroxy acid (a,@-dihydroxy-8-ethylbutyric acid) but not the keto acid 
in place of isoleucine. In another publication (4) Teas reported on growth 
experiments in which various isoleucine-requiring mutants were tested for 
their ability to use the keto acid and other possible precursors in place of 
isoleucine. Many strains were found which were able to use 4-carbon 


*This work was supported in part by funds received from the Eugene Higgins 
Trust, by a grant from the American Cancer Society to Harvard University, and 
by a contract between the Office of Naval Research and the University of California. 

+ Part of this work was done while this author was a Research Fellow of the Na- 
tional Institutes of Health, United States Public Health Service. 

1 a-Keto-8-methyl-n-valeric and a-ketoisovaleric acids (the keto analogues of 
isoleucine and valine) will be termed a-keto-8-ethylbutyric and a-keto-$-methyl- 
butyric acids, respectively, elsewhere in this paper to indicate their common origin 
from a 4-carbon compound. This convention will also be employed in naming the 
a,8-dihydroxy acid precursors of isoleucine and valine. The compound used by 
Bonner will be referred to as ‘“‘ketoisoleucine,” as in the original paper (2). 
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compounds, including a-ketobutyric acid; ability to use the latter com. 
pound always accompanied the ability to use ketoisoleucine. 

The present paper describes experiments which conclusively show that 
the synthetic ketoisoleucine discussed above is not identical with authentic 
a-keto-8-ethylbutyric acid and in all probability is a-ketobutyric acid, 
Results of retests of all available zsoleucineless mutants with the authentic 
keto acid are reported, and all existing data are reinterpreted in the light 
of these experiments. 


EXPERIMENTAL 


Organisms—The organisms used in this study have all been described 
previously (5, 6), unless otherwise specified. 

Methods—The qualitative growth response to various compounds by the 
biochemically deficient mutants of bacteria was determined by streaking 
suspensions of the organisms on the surface of minimal agar medium sup- 
plemented with the compound under test at a concentration of 1 mg. per 
10 ml. of medium. The minimal media used were those of Davis (7) or 
Gray and Tatum (8). Neurospora mutants were tested by inoculating 
similarly supplemented minimal broth of Beadle and Tatum (9). 

Filter paper chromatography of the keto acids studied was performed 
by the method of Magasanik and Umbarger (10). . 

Growth Supplements—The pDL-amino acids were commercial preparations. 
The isomers of threonine used were kindly supplied by Dr. J. P. Green- 
stein. The synthetic keto acids have been described previously (2, 6). 
The a,8-dihydroxy-8-ethylbutyric acid was isolated from filtrates of cul- 
tures of N. crassa 16117 (5). 


Results 


Before undertaking to reexamine critically the réle of a-keto-8-ethyl- 
butyric in the biosynthesis of isoleucine, it seemed desirable to compare 
chromatographically the keto acids used in the earlier studies (2) with 
those more recently prepared by independent methods (6). Samples of 
the former were kindly made available to us by Dr. D. M. Bonner. The 
results obtained with four different solvent systems are presented in 
Table I. 

The findings show that the compound previously referred to as ketoiso- 
leucine is undoubtedly a-ketobutyric acid. This view was further sup- 
ported when mixtures of the two compounds were chromatographed in 
each solvent, only one spot and no change in the Rr value being obtained.’ 


2 Note added in proof—It has recently become possible to compare the melting 
points of the 2,4-dinitrophenylhydrazones of a-ketobutyric acid and “ketoisoleu- 
cine.’’ The melting point of each on a Fisher-Johns melting point block was 198 
200° (uncorrected). There was no depression upon mixing. 
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That the compound was indeed a keto acid is shown by the fact that an 
ultraviolet-absorbing spot on the chromatogram was observed only after 
spraying the paper with semicarbazide. As a result of these observations, 
it became apparent that a reexamination of mutant strains requiring iso- 
leucine or valine or both for growth would be desirable. This was under- 
taken as a cooperative effort between the two laboratories. At the same 
time, mutant strains were examined which could utilize several 4-carbon 
compounds, including threonine and a-ketobutyric acid, for growth. 

The results obtained in qualitative tests for the compounds utilized for 
growth by the various mutants are shown in Table II. These observa- 


TaBLE | 
Paper Chromatography of Keto Acids 
| 














| RF values | a-Keto-8-methylbutyric acid 
Solvent | ae l ; | = l 
“inb tae oncaeid — mG | Preparation I*|Preparation IIt 
foresees Pe SeAmRBSRRNRAN) ciaeaancsmend delineated tani 
Ree SOOT aN 0.86 0.54 | 0.54 | .0.76 | 0.75 
i co ee es | 0.68 | O38 | O88 | O88 | 0.54 
enon Steele ae 0.76 | 0.37 0.40 0.62 0.60 
|) een eRe eaten aE 0.95 0.72 0.75 0.89 0.88 





Solvent A, n-butanol with 5 per cent acetic acid, 90 per cent saturated with water; 
Solvent B, n-butanol with 5 per cent propionic acid, 90 per cent saturated with 
water; Solvent C, sec-butanol with 5 per cent acetic acid, 90 per cent saturated with 
water; Solvent D, sec-butanol with 5 per cent propionic acid, 90 per cent saturated 
with water. All solvents freshly prepared. 

* Umbarger and Mueller (6). 

+ Bonner (2). 

t Prepared by the hydrolysis of ethyl ethoxalpropionate by the method of Wisli- 
cenus and Arnold (12). 





tions not only give an indication as to the biosynthetic pathway of iso- 
leucine but also supplement the chromatographic evidence that ketoiso- 
leucine is in reality a-ketobutyric acid. The only inconsistency in Table 
II, the failure of Neurospora 44104 to use certain C, compounds, may be 
due to the fact that, in these early experiments, supplements were not 
tested in the presence of small amounts of threonine, later found necessary 
for other isoleucine precursors to show activity. 


DISCUSSION 
The data reported here now permit a reinterpretation of the genetic 
and metabolic blocks occurring in the microorganisms studied. In the 
case of Neurospora 16117, it is now clear that its isoleucine requirement is 
due to a block in the conversion of a,8-dihydroxy-6-ethylbutyric acid to 
a-keto-6-ethylbutyric acid (the keto acid analogous to isoleucine). It 
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Tas_eE II 
Mutant Strains of Microorganisms Requiring Isoleucine, Valine, or Threonine for 
Growth 
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* Growth does not occur unless both valine and isoleucine or their respective 
precursors are added to the medium. 
+ The valine requirement of E. coli 11A16 can be demonstrated only anaerobi- 
cally. In shaken cultures, isoleucine alone permits maximal growth. In tube cul- 
tures only a lower growth level can be obtained unless valine is present in addition 
to isoleucine (6). 
t Personal communication from Dr. Bernard D. Davis. 
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Tasie [I]—Concluded 


§ Salmonella typhimurium, kindly supplied by Dr. H. H. Plough, Department of 
Biology, Amherst College, Amherst, Massachusetts. 

| Teas, H. J., thesis, California Institute of Technology (1947). 

§ Consistently active only in the presence of a small amount of pt-threonine. 


accumulates the dihydroxy acid (5) and can use the keto acid for growth 
(either synthetic or enzymatically prepared material). 

The double requirement of Neurospora 16117 for isoleucine and valine 
is still best interpreted as being due to the accumulation of an intermedi- 
ate in one biosynthetic pathway, causing an inhibition at the analogous 
step in the second biosynthetic pathway. In the case of strain 16117, 
however, the dihydroxy acids rather than the keto acids seem to be in- 
volved. (Inhibition experiments with the a,8-dihydroxy analogues of iso- 
leucine and valine are in progress.) The competition postulated by Bon- 
ner between a-keto-8-ethylbutyric and a-keto-8-methylbutyric acids has 
been demonstrated in HF. coli by Umbarger and Mueller (6); E. coli mutant 
11A16 shows exactly the same keto acid interrelationship previously as- 
cribed to Neurospora 16117. 

In the case of the E. coli mutant, it was possible to differentiate the 
metabolic block from the genetic block, since the requirement for valine 
was demonstrated only when partially anaerobic conditions were em- 
ployed. With Neurospora 16117, however, this differentiation could not 
be made, since the double requirement was absolute; 7.e., growth with only 
valine or isoleucine added to the medium could not be obtained under any 
condition. 

The alternative explanation for such a double requirement, that the 
single gene mutation has caused a block prior to a common precursor, is 
easily ruled out on two counts. First, if this were the case, any mutant 
blocked at a point in the biosynthetic chain still earlier than EF. coli 11A16 
or Neurospora 16117 should also show the double requirement. On the 
contrary, the earliest blocked strains (those able to use 4-carbon com- 
pounds in place of isoleucine) require only isoleucine for growth. Sec- 
ondly, a block prior to a common precursor would probably cause aceumu- 
lation of only one intermediate. In the two cases studied, however, both 
isoleucine and valine precursors accumulate. This strongly supports the 
interpretation based upon the inhibitory property of an accumulated in- 
termediate first ingeniously proposed by Bonner (2). 

The data reported here now permit the construction of a biosynthetic 
scheme (Fig. 1) which brings together the conclusions reached by Um- 
barger and Mueller (6), Adelberg (5), and Tatum and Adelberg (11). 
The scheme is incomplete, and (as in most schemes) it is possible that the 
indicated precursors are in equilibrium with the true intermediates rather 
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than on the direct pathway. However, it is the simplest scheme which 
will fit all the observed data, including those from experiments involving 





CH, 2 CH, CH, 
CHsC-CH-COOH + CH3-CH-C-COOH <p> CH CH-CH-cOoH 
00 fe) NH, 
HH 
7 a, 4 -dihydroxy- a -keto-4- methyl- Valine 
4-methylbutyric butyric acid 
acid 
COOH 
3 tH oH aM 
CH, CH, 2 CH, l CH, 
! 
CH; G-CH-COOH| = CH;C-CH-COOH + CH,-CH-C-COOH + CH,-CH-CH-COOH 
" 
00 00 0 NH, 
ie. RS HH 
? 
? a, 8- dihydroxy- a-keto-4- ethyl- Isoleucine 
3 B-ethylbutyric butyric acid 
+ Acetate 
CH;C-CH-COOH 
“ot 
H 
CH3-CH-C-COOH CHs-CH-CH-COOH 
O NH, 
H H 
a-keto-4-hydroxy- L-threonine 
butyric acid \ ‘ 
D- threonine | 
D- allothreonine 
a-aminobutyric acid 5 f 
a-ketobutyric acid 


Fig. 1. Scheme of biosynthesis of isoleucine, valine, and threonine by micro- 
organisms. The numbered arrows indicate the probable location of blocked steps in 
the various mutants. The numbers refer to the classes in Table II. The identity 
of compounds enclosed in brackets has not been established. The compounds en- 
closed in braces may or may not be directly related to the biosynthetic pathway 
under consideration. 


utilization, accumulation, and isotopic tracers. Work is under way to dis- 
cover the nature of the remaining intermediates in the biosynthesis of 
isoleucine and valine. 
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The authors wish to express their gratitude to Dr. D. M. Bonner for his 
kind consideration in supplying the ‘‘ketoisoleucine” for comparison and 
testing and for reading the manuscript. 


SUMMARY 


The synthetic a-keto acids used by various workers as possible inter- 
mediates in isoleucine and valine biosynthesis have been compared chro- 
matographically, and the ‘‘ketoisoleucine” used in the earlier work has 
been identified as a-ketobutyric acid. 

Experiments with biochemically deficient mutant microorganisms utiliz- 
ing these compounds and others have been repeated and all previous work 
reinterpreted accordingly. The data clearly support a biosynthetic scheme 
in which the a,6-dihydroxy acids corresponding to isoleucine and valine 
are converted to their respective a-keto acids prior to amination. 
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logical, Hehre, 161 
Diabetes: Carbon 14-palmitic acid con- 
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SUBJECTS 


Diaphragm: Glucose metabolism, diet 
effect, Hansen, Rutter, and Samuels, 
243 

Dicarboxylic acid(s): Biosynthesis, car- 


bon dioxide fixation, Kaufman, 
Korkes, and del Campillo, 301 
Ochoa and Kaufman, 313 


Diet: Glucose metabolism, diaphragm, 

effect, Hansen, Rutter, and Samuels, 

243 

Liver and intestine xanthine oxidase, 
relation, Westerfeld and Richert, 


35 
Dinitrophenyl derivative(s): Tobacco 
mosaic virus, Knight, tae 
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Egg: Phosphatidy] choline, isolation, ad- 
sorption column, Hanahan, Turner, 


and Jayko, 623 
White, proteins, immunological stud- 
ies, Wetter and Deutsch, 237 


Enzyme(s): Amino acid antagonists, de- 
gradation, Frieden, Hsu, and Ditt- 
mer, 425 

Bicarbonate C' incorporation into 
acetoacetate, use, Plaut and Lardy, 


435 
Fructose diphosphate oxidation, 
plants, Tewfik and Stumpf, 527 


Malic. See Malic enzyme 
Oxalacetate formation from pyruvate 
and carbon dioxide, Aaltenbach and 


Kalnitsky, 629, 641 
System, inhibition, antibody effect, 
Krebs and Wright, 555 
Thioethers, cleavage, specificity, 
Binkley, 209 
See also Aspartotransferase, Dehy- 


drogenase, etc. 
Epinephrine: Adrenals, determination, 


colorimetric, Ghosh, Deb, and 
Banerjee, 867 
Blood, determination, colorimetric, 
Ghosh, Deb, and Banerjee, 867 
Esterase: Liver, protein depletion, 
Meikleham, Wells, Richert, and West- 
erfeld, 651 


Ether(s): Thio-. 


See Thioether 
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Ethionine: Levine and Tarver, 835 
-Induced fatty liver, Jensen, Chai- 
koff, and Tarver, 395 
Proteins, incorporation in vivo, Levine 
and Tarver, 835 
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Fatty acid(s): Synthesis, butyric acid 
utilization, Zabin and Bloch, 261 
Feces: Tocopherol, identification, 
counter-curreit distribution, use, 
Rosenkrantz, Milhorat, and Farber, 
9 
Ferrocytochrome: c-cytochrome oxidase, 
reaction, Wainio, Person, Eichel, and 
Cooperstein, 349 
Fibrin: Tyrosinase effect, Sizer and Wag- 
ley, 213 
Fibrinogen: Tyrosinase effect, Sizer and 
Wagley, 213 
Fish: See also Salmon 


‘Flame photometer: Blood analysis, use, 


Hunter, 701 
Flavonoid(s): -Related compounds, 
xanthine oxidase, effect, Beiler and 

Martin, 831 

Xanthine oxidase, effect, Beiler and 

_ Martin, 831 

Formate: Histidine biosynthesis, réle, 
Levy and Coon, 807 


Fructose diphosphate : Plants, oxidation, 
enzymatic, Tewfik and Stumpf, 
527 
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Gentisic acid: Determination and me- 
tabolism, Roseman and Dorfman, 


105 

Gestation: Nucleic acid, Reddy and Cere- 

cedo, 57 

Gluconate: Phospho-. See Phosphoglu- 
conate 


Glucose: Carbon 14-palmitic acid con- 
version to, Strisower, Chaikoff, and 
Weinman, 453 

— — — — to, diabetes, Strisower, 
Chaikoff, and Weinman, 453 
Metabolism, diaphragm, diet effect, 
Hansen, Rutter, and Samuels, 243 
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Glucose—continued: 
Production and oxidation, diabetes, 
Stetten, Welt, Ingle, and Morley, 
817 
Glucose-6-phosphate: Synthesis, Seeg- 
miller and Horecker, 175 
Glucuronidase: 8-, monosaccharide pro- 
duction from hyaluronic acid, use, 
Meyer, Linker, and Rapport, 275 
Spleen, steroid glucuronides, hydroly- 
sis, use, Cohen, 147 
Glutamic acid: Carbamyl-L-. See Car- 
bamyl-.-glutamic acid 
Glutaminase : Phosphate-activated, 


liver, intracellular distribution, 
Shepherd and Kalnitsky, 1 
Glutamotransferase: Inhibition and ac- 
tivation, Schou, Grossowicz, and 
Waelsch, 187 
Glutathione: Metabolism, Binkley, 
Christensen, and Wu, 29, 575 


—, hypophysectomy effect, Binkley, 
Christensen, and Wu, 575 
—, insulin effect, Binkley, Christensen, 
and Wu, 29 
Reductase, wheat germ, Conn and Ven- 


nesland, 17 

H 
Hepatectomy: Blood plasma amino 
acids, effect, Flock, Mann, and Boll- 
man, 293 
Muscle amino acids, effect, Flock, 
Mann, and Bollman, 293 


Histidine: Biosynthesis, formate réle, 
Levy and Coon, 807 
Hyaluronic acid: Hydrolysis, pneumo- 
coceal hyaluronidase use, Rapport, 
Linker, and Meyer, 283 
Monosaccharide production from £- 
glucuronidase use, Meyer, Linker, 
and Rapport, 275 
Hyaluronidase: Determination, factors 
affecting, Alburn and Whitley, 379 
Pneumococcus, hyaluronic acid hy- 
drolysis, Rapport, Linker, and Meyer, 


283 

Hydroxysteroid(s): 20-, chemical inter- 
relationships, Hirschmann, Daus, 
and Hirschmann, 115 
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Hypophysectomy: Glutathione metabo- 
lism, effect, Binkley, Christensen, and 
Wu, 575 
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Insulin: Glutathione metabolism, effect, 
Binkley, Christensen, and Wu, 29 
Intestine: Xanthine oxidase, diet rela- 
tion, Westerfeld and Richert, 35 
Isoleucine: Biosynthesis, a«-keto-8- 
ethylbutyric acid réle, Umbarger and 
Adelberg, 883 
Isovaleric acid: Cholesterol synthesis, 
utilization, Zabin and Bloch, 267 


K 
Keto-8-ethylbutyric acid: a-, isoleucine 


biosynthesis, réle, Umbarger and 
Adelberg, 883 
Keto sugar(s): Determination, spectro- 
photometric, Dische and _ Boren- 
freund, 583 
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Lactic acid: Bacteria, acetate-replacing 
factors, Reed, DeBusk, Johnston, and 


Getzendaner, 851 
Reed, Getzendaner, DeBusk, and 
Johnston, 859 


Lactobacillus arabinosus: Malic enzyme, 
Kaufman, Korkes, and del Campillo, 

301 

Lactobacillus pentosus: Adenosine, cyti- 
dine, and xanthosine cleavage, Wang 


and Lampen, 339 
Lanthanum : Streptococcus faecalis 
growth and metabolism, effect, 
Wurm, 707 


Leucine: Iso-. See Isoleucine 
Lipide(s) : Nitrogenous, analogues, chro- 
matography, Levine and Chargaff, 
481 
Sphingo-. See Sphingolipide 
Lithium: Bone, Alexander, Nusbaum, and 


MacDonald, 489 
Liver: Choline oxidase, Kensler and 
Langemann, 551 

— —, determination, Williams, Lil- 
wack, and Elvehjem, 73 
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Liver—continued: 
Esterase, protein depletion, Mezkle- 
ham, Wells, Richert, and Westerfeld, 


651 
Fatty, ethionine-induced, Jensen, 
Chaikoff, and Tarver, 395 


Glutaminase, phosphate-activated, 
intracellular distribution, Shepherd 
and Kalnitsky, 1 

Metabolism in vitro, adrenalectomy 
and cortisone effect, Lipsett and 
Moore, 743 

Xanthine oxidase, diet relation, West- 
erfeld and Richert, 35 

— —, protein depletion, Mezkleham, 
Wells, Richert, and Westerfeld, 

651 

See also Hepatectomy 

Lysine: Neurospora, a-aminoadipic acid 


as precursor, Windsor, 607 
Lysozyme: Properties, Wetter and 
Deutsch, 237 

M 
Malease: Corn, Sacks and Jensen, 231 


Malic acid: Isolation, Ochoa and Kauf- 
man, 313 
Malic enzyme: Lactobacillus arabinosus, 
Kaufman, Korkes, and del Campillo, 
301 
Meconium: Blood group-specific sub- 
stances, chemistry, Buchanan and 
Rapoport, 251 
Methionine sulfoximine: Biological ef- 
fects, Gershoff and Elvehjem, 569 
Methylpentose: Detection, spectropho- 
tometric, Dische and Shettles, 


579 

Mold: See also Neurospora 
Monosaccharide(s): Hyaluronic acid 
production, #-glucuronidase use, 
Meyer, Linker, and Rapport, 275 


Mosaic: Tobacco, virus, dinitrophenyl 
derivatives, Knight, 727 
Mucopolysaccharide: Neutral, cervix 
mucus, Shettles, Dische, and Osnos, 
589 

Mucus: Cervix, mucopolysaccharide, 
neutral, Shettles, Dische, and Osnos, 
589 
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Muscle: Amino acids, hepatectomy ef- 
fect, Flock, Mann, and Bollman, 


293 
See also Diaphragm 
N 
Neurospora: u-Amino acid oxidase, 
Thayer and Horowitz, 755 


a-Aminoadipic acid as lysine precur- 
sor, Windsor, 607 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid: Biosynthesis by Tetrahy- 
mena geleii, adenine use, Flavin and 
Graff, 485 
Derivatives, antagonists, Elion, Hitch- 
ings, and VanderWerff, 505 


Desoxyribo-. See Desoxyribonucleic 
acid 
Gestation, Reddy and Cerecedo, 57 


O 


Octadecenoic acid(s): Isomers, biotin- 
like activity, Cheng, 
Deuel, and Melnick, 611 

Oxalacetate: Formation, enzymatic, 
from pyruvate and carbon dioxide, 
Kaltenbach and Kalnitsky, 


Greenberg, 


629, 641 
Oxidase: Amino acid. See Amino acid 
oxidase 
Choline. See Choline oxidase 
Cytochrome. See Cytochrome oxi- 
dase 
Xanthine. See Xanthine oxidase 


P 


Palmitic acid: Carbon 14, glucose con- 
version from, Strisower, Chaikoff, and 


Weinman, 453 
— —, — — from, diabetes, Strisower, 
Chatkoff, and Weinman, 453 


Pancreatic juice: Electrophoresis and 
chemistry, Byrne, Phinney, Schach- 
ter, and Young, 683 

Pantothenic acid: Tissue, determination, 
Novelli and Schmetz, 181 

Vitamin B,2 and, interrelationship, 
Yacowitz, Norris, and Heuser, 141 
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Pentose: Methyl-. See Methylpentose 
Phenylalanine(s): Hydroxylated, bac- 
terial growth, effect, Volcani, Sicher, 
and Lichtenstein, 543 
Phosphatase: Alkaline, activity, hydro- 
gen ion concentration effect, Ross, 
Ely, and Archer, 561 
Phosphatide(s): Nitrogenous, determi- 
nation, micro-, Levine and Chargaff, 


- 465 

Phosphatidyl choline: Kgg, isolation, 
adsorption column, Hanahan, 
Turner, and Jayko, 623 


Phosphogluconate: 6-, synthesis, Seeg- 
miller and Horecker, 175 
Phthienoic acid: Carbon 27, chemical 
constitution, Cason, Freeman, and 
Sumrell, 415 
Phthioic acid(s): -Like fraction, tu- 
bercle bacillus, Cason and Sumrell, 


405 

Pituitary: See also Hypophysectomy 
Plant(s): Carbohydrate metabolism, 
Tewfik and Stumpf, 519, 527 


— —, triose phosphate dehydrogenase, 
effect, Tewfik and Stumpf, 519 
Fructose diphosphate oxidation, en- 
zymatic, T'ewfik and Stumpf, 527 
Pneumococcus: Hyaluronidase, hyalur- 
onic acid hydrolysis, Rapport, 
Linker, and Meyer, 283 
Polysaccharide: Muco-. See Mucopoly- 
saccharide 
Porphyrin: Formation, mechanism, She- 
min and Wittenberg, 315 
—, tricarboxyliec acid cycle, réle, She- 


min and Wittenberg, 315 
Pregnancy: See also Gestation 
Propionate: -Succinate interconver- 


sion, Propionibacterium pentosaceum 
effect, Barban and Ajl, 63 
Propionibacterium pentosaceum: Pro- 
pionate and succinate interconver- 
sion, effect, Barban and Aj, 63 
Protein(s): Corn, a-aminoadipic acid, 
Windsor, 595 
Depletion, liver esterase and xanthine 
oxidase, Meikleham, Wells, Richert, 


and Westerfeld, 651 
Egg white, immunological studies, 
Wetter and Deutsch, 237 





INDEX 


Protein(s)—continued: 
Ethionine incorporation in vivo, Le- 


vine and Tarver, 835 
Subcellular structures, cystine, la- 
beled, incorporation, Lee, Ander- 
son, Miller, and Williams, 733 


Tissue, cystine, labeled, incorporation, 

Lee, Anderson, Miller, and Williams, 

733 

Proteus morganii: Desulfhydrase sys- 

tems, pyridoxal phosphate function, 

Kallio, 371 
Protozoa: See also Tetrahymena 

Purine(s): Derivatives, as antagonists, 

Elion, Hitchings, and VanderWerf, 


505 

Pyridoxal phosphate: Prolews morganii 
desulfhydrase systems, function, 
Kallio, 371 


Pyrimidine(s): Host, bacterial viruses, 
synthesis, use, Weed and Cohen, 

693 

Pyrophosphatase: Inorganic, yeast, pu- 

rification, Heppel and Hilmoe, = 87 

Pyruvate: Oxalacetate formation, enzy- 
matic, Kaltenbach and Kalnitsky, 


629, 641 

R 
Reductase: Glutathione, wheat germ, 
Conn and Vennesland, 17 


Ribonuclease: Action, Schmidt, Cubiles, 
Zéllner, Hecht, Strickler, Seraidarian, 
Seraidarian, and Thannhauser, 

715 


S 


Salmon: Sperm, desoxyribonucleic acid, 
Chargaff, Lipshitz, Green, and Hodes, 

228 

Sperm: Salmon, desoxyribonucleic acid, 
Chargaff, Lipshitz, Green, and Hodes, 

228 

Sphingolipide(s): Biochemistry, Carter, 
Nalbandov, and Tavormina, 197 
Sphingosine: O-Methy] ethers, Carter, 
Nalbandov, and Tavormina, 197 
Spleen: Glucuronidase, steroid glucuro- 
nides, hydrolysis, use, Cohen, — 147 
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lodes, 
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Lodes, 
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197 
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197 
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147 


SUBJECTS 


Steroid(s) : 
steroid 
Steroid glucuronide(s): Hydrolysis, 
spleen glucuronidase use, Cohen, 
147 
Streptococcus faecalis: Growth and me- 
tabolism, lanthanum effect, Wurm, 
707 
Succinate: -Propionate interconversion, 
Propionibacteritum pentosaceum ef- 
fect, Barban and Ajl, 63 
Sugars(s): Keto. See Keto sugar 


Hydroxy-. See Hydroxy- 


ge 


Tetrahymena geleii: Amino acid me- 
tabolism, Hogg and Elliott, 131 
Nucleic acid biosynthesis, adenine use, 
Flavin and Graff, 485 
Thioether(s): Cleavage, enzymatic, 
specificity, Binkley, 


Wagley, 213 
Thyroxine: Ascorbic acid oxidation, ef- 

fect, Gemmill, 749 
Tobacco: Mosaic virus, dinitrophenyl 

derivatives, Knight, 
Tocopherol : Feces, identification, count- 

er-current distribution, use, Rosen- 

krantz, Milhorat, and Farber, 9 
Transferase: Asparto-. See Asparto- 

transferase 

Glutamo-. See Glutamotransferase 


727 | 





209 | 
Thrombin: Tyrosinase effect, Sizer and | 


Tricarboxylic acid: Cycle, porphyrin for- | 


mation, rdle, Shemin and Wittenberg, 
315 


Triose(s) : Determination, spectrophoto- | 


metric, Dische and Borenfreund, 
583 
Triose phosphate dehydrogenase: Car- 
bohydrate metabolism, plants, ef- 
fect, Tewfik and Stumpf, 519 
Tryptophanase: Reaction mechanism, 
Beerstecher and Edmonds, 
Tubercle bacillus: Phthioic acid type 
fraction, Cason and Sumrell, 405 
Tyrosinase: Fibrin, effect, Sizer and 
Wagley, 213 
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Tyrosinase—continued: 
Fibrinogen, effect, Sizer and Wagley, 
213 
Thrombin, effect, Sizer and Wagley, 
213 


U 


Uterus: Cervix mucus, mucopolysaccha- 
ride, neutral, Shettles, Dische, and 
Osnos, 589 


Vv 


Valeric acid: Iso-. See Isovaleric acid 
Virus: Bacteria, synthesis, host pyrimi- 
dines, use, Weed and Cohen, 693 
Tobacco mosaic, dinitropheny] deriva- 
tives, Knight, 727 
Vitamin(s): Biz, pantothenic acid and, 
interrelationship, Yacowitz, Norris, 
and Heuser, 141 

C. See also Ascorbic acid 
I, chemical constitution and function, 


relation, Boyer, Rabinovitz, and 
Liebe, 95 

W 
| Wheat: Germ, glutathione reductase, 
Conn and Vennesland, 17 

x 


Xanthine oxidase: Flavonoids and re- 
lated compounds, effect, Beiler and 
Martin, 831 

Liver and intestine, diet relation, Wes- 


terfeld and Richert, 35 
—, protein depletion, Mezkleham, 
Wells, Richert, and Westerfeld, 651 


-Related factor, bioassay, Richert and 
Westerfeld, 49 
Xanthosine: Cleavage, Lactobacillus pen- 


tosus, Wang and Lampen, 339 
¥ 
Yeast: Pyrophosphatase, inorganic, 


purification, Heppel and Hilmoe, 
87 
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